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FOREWORD 


This  final  report  was  prepared  in  compliance  with 
Contract  AF04 (6ll) -9712 ,  Project  No.  6753,  Task  No. 
675304,  covering  a  period  of  performance  from 
April  1964  through  February  1966. 

Principal  Rocketdyne  investigators  were  T.  Caywood 
and  J.  W.  Lewellen,  with  G.  F.  Tellier  as  Project 
Engineer.  The  test  fixture  digital  computer  program 
was  developed  by  J.  G.  Absalom.  Analysis  of  the 
"duhhed-seat"  contact  stress  distribution  was  prepared 
by  Dr.  S.  B.  Roberts.  Program  Managers  were  R.  A.  Byron 
and  W.  A.  Anderson.  The  report  was  compiled  by  Messrs. 
Tellier  and  Lewellen. 

Air  Force  administration  of  the  program  was  by  the 
Air  Force  Rocket  Propulsion  Laboratory,  Edwards  Air 
Force  Base,  with  J.  R.  Lawrence  as  Project  Engineer. 

Specialized  fabrication  and  preparation  of  test  models 
and  fixtures  was  contracted  with  L.  A.  Gauge  Co.,  Inc., 
Sun  Valley,  California,  whose  cooperation  and  interest 
is  gratefully  acknowledged. 

This  report  was  given  Rocketdyne  Report  No.  R-6472. 

This  technical  report  has  been  reviewed  and  is 
approved. 


J.  R.  LAWRENCE 
Project  Engineer 


ABSTEACT 


Presented  herein  is  a  description  of  the  work  accomplished 
in  providing  fundamental  sealing  data  on  metal-to-metal  seat 
and  poppet  valving  elements.  The  reported  effort  supplements 
and  updates  initial  results  published  as  Technical  Documen¬ 
tary  Report  No.  RPL-TDR^64-68 ,  "Rocket  Engine  Valve  Poppet 
and  Seat  Design  Data,"  dated  May  1964. 

The  program  involved  experimental  and  analytical  studies  of 
the  detailed  aspects  of  valve  seating.  Flat,  conical,  and 
spherical  test  models  were  fabricated  with  particular 
emphasis  placed  on  documentation  of  fabrication  methods  and 
description  of  the  resultant  surfaces.  Model  stress-leakage 
characteristics,  as  a  function  of  surface  texture,  geometry, 
coatings,  and  material  variations  were  experimentally  inves¬ 
tigated.  The  resulting  information  is  presented  in  graphical 
form  supported  by  inspection  evidence  from  which  test  surface 
condition  and  features  were  deduced.  Mathematical  models 
relating  surface  texture  and  resulting  deformation  character¬ 
istics  are  formulated  to  provide  understanding  of  the  leakage 
path  closure  mechanism  and  extrapolation  of  experimental 
stress-leakage  data. 

Additionally,  cyclic  effects  on  model  sealing  capabilities 
were  investigated.  A  simplified  analysis  relating  tester  and 
model  configuration  with  anticipated  dynamic  loading  charac¬ 
teristics  is  developed  and  further  extended  by  digital 
pregramning  techniques. 

A  high  degree  of  correlation  was  obtained  between  the  ana¬ 
lytical  predictions  and  the  test  results.  From  cycle  tests 
of  representative  models  at  various  impact  levels,  corrosion 
fretting  was  determined  to  be  a  fundamental  mode  of  surface 
degradation  and,  from  those  results,  an  optimum  seating  con¬ 
figuration  evolved. 
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Poppet  and  seat  design  is  largely  an  individual  effort  in  which  the 
designer  draws  upon  experience,  ingenuity,  and  a  repertory  of  personal 
and  company  design  data.  Because  the  aerospace  valve  business  is  highly 
competitive,  there  is  seldom  ample  time  or  finances  to  undertake  lengthy 
analyses  or  fundamental  experimental  evaluations.  Often,  too  much  time 
is  spent  probing  the  test  failure  rather  than  studying  the  successful 
component.  Furthermore,  since  moat  worthwliile  test-correlated  design 
information  is  considered  proprietary  and  thus  not  disseminated,  attend¬ 
ant  advances  in  the  state  of  the  art  have  been  slow  with  new  developments 
obscured  and  often  not  pursued.  Consequently,  moat  new  rocket  engine 
valves  require  extensive  evolutionary  development  effort  directed  toward 
correcting  design  deficiencies  just  to  achieve  a  status  quo  condition. 

An  initial  program  was  accomplished  by  Rocketdyne  under  Contract  AF04(6ll)- 
8392  to  provide  fundamental  information  on  valve  seating  and  leakage.  The 
program  was  a  two-phase  effort  that  summarized  current  valve  design  tech¬ 
nology  and  provided  basic  metal-to-metal  seating  characteristic  design 
data.  Phase  I  was  a  survey  of  pertinent  patents,  technical  literature, 
and  industry  data  to  determine  current  technology  levels  and  indicate 
specific  areas  where  information  was  lacking  or  obsolete.  Notable  in  the 
results  of  the  survey  was  the  lack  of  data  applicable  to  the  mechanism 
of  seating  or  the  correlation  between  theoretical  and  actual  character¬ 
istics.  Consequently,  Phase  II  was  devoted  to  a  detailed  analytical  and 
experimental  investigation  of  metal  surfaces,  their  measurement,  and  a 
definition  of  the  governing  leakage  equations.  The  experimental  effort 
was  confined  to  simple,  flat  poppet  and  seat  models.  These  were  fabri¬ 
cated  and  tested  so  that  individual  variables  could  be  controlled, 
measured,  and  analytically  correlated  with  seating  equations  describing 
leakage,  seat  land  pressure  distribution,  and  surface  deformations  with 
load,  hliere  correlation  was  not  possible,  the  detail  definition  of  the 
material  and  geometric  surface  properties  interpreted  from  included  raw 
data  provided  a  frame  of  reference  for  design  purposes.  The  results  of 
this  program  are  reported  in  "Rocket  Engine  Valve  Poppet  and  Seat  Design 
Data,"  RPL^TDR-64-68. 
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The  purpose  of  the  follov-on  program  vas  to  extend  the  range  of  informa¬ 
tion  established  in  the  initial  effort  with  a  more  detailed  investigation 
of  metal  surfaces,  their  interaction,  and  wear  effects  on  the  closure 
mechanism.  Like  the  initial  program,  this  effort  consisted  of  two  basic 
phases.  The  first  phase  was  an  extensive  evaluation  of  surface  texture 
effects  on  seating  characteristics.  For  this  investigation,  25  flat 
poppet  and  seat  models  with  lathe-turned,  ground,  and  lapped  seating  sur¬ 
faces  were  fabricated  and  tested  to  establish  basic  stress-leakage  per¬ 
formance  characteristics.  As  an  adjunct  to  surface  texture  studies,  12 
conical  and  spherical  models  were  also  fabricated  for  investigation  of 
basic  seating  geometry  parameters  for  a  single  surface  texture.  Addition¬ 
ally,  21  model  configurations  were  utilized  in  evaluating  the  effects 
of  common  seating  errors  and  various  surface  treatments  on  previously 
established  stress-leakage  characteristics. 

As  a  prelude  to  model  preparation,  a  survey  of  available  manufacturing 
and  processing  literature  was  performed  which  indicated  that  little  infor¬ 
mation  relating  a  finishing  process  with  the  resultant  surface  character¬ 
istics  has  been  published.  Thus,  a  reasonable  documentation  of  the  per¬ 
tinent  manufacturing  parameters  involved  in  model  fabrication  has  been 
included  in  this  report.  In  addition  to  a  listing  of  dimensions  and 
characteristics  interpreted  from  inspection  of  model  surfaces,  the  actual 
raw  inspection  data  are  included.  This  description  of  process  and  the 
resulting  surface  features  may  be  employed  for  additional  study  and  cor¬ 
relation  beyond  that  covered  herein. 

A  basic  tenet  established  for  model  testing  and  inspection  was  the  multiple 
measurement-multiple  test  philosophy.  Whenever  possible,  cross  checks  of 
measured  parameters  were  made  with  supplemental  or  redundant  instrumenta¬ 
tion.  Rarely  was  one  set  of  test  results  allowed  to  suffice  without 
repeated  verification.  Furthermore,  test  and  inspection  methods,  proce¬ 
dures,  accuracy,  and  limitations  have  been  thoroughly  documented.  It  is 
believed  the  results  obtained,  while  analytical  correlation  was  not 
always  possible,  are  of  an  accuracy  level  sufficient  to  be  used  as  a  ref¬ 
erence  standard. 
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Analytical  support  of  surface  texture  and  seating  geometry  investigations 
included  refinements  to  analyses  introduced  during  the  initial  effort  and 
additional  studies  occasioned  by  the  variety  of  surfaces  fabricated  for 
follov-on  work.  Among  the  latter  are  analytical  flow  path  description 
and  stress-leakage  equations  for  circular  lay  surface  texture,  contact 
loading  and  pressure  distribution  relationships  for  curvilinear  and  dubbed 
flat  seating  configurations,  and  definition  of  conical  and  spherical  seat¬ 
ing  geometry.  Correlation  between  analyses  and  model  test  results  was 
performed  as  permitted  by  the  accuracy  of  the  test  model. 

The  second  phase  involved  dynamic  loading  of  representative  seating  con¬ 
figurations.  This  effort  was  conducted  to  investigate  the  parameters 
limiting  valve  closure  endurance  and  determine  the  relationships  between 
seating  degradation  and  cyclic  frequency  intensity.  To  pursue  these 
investigations,  a  cycle  tester  was  constructed  that  is  unique  in  its  pre¬ 
cision  and  minimal  influence  on  model  test  results.  Analysis  of  tester 
operational  characteristics  led  to  simplified  equations  relating  velocity 
impact  parameters  potentially  applicable  to  valve  design.  A  digital  pro¬ 
gram,  formulated  to  support  basic  analyses  and  describe  dynamic  loading 
characteristics  of  test  models,  yielded  extremely  close  correlation  with 
actual  instrumented  results.  The  digital  program,  reproduced  herein  along 
with  correlative  data,  may  be  used  as  a  guide  for  further  impact  analytical 
considerations . 

Nine  flat  and  one  each  conical  and  spherical  models  were  cycle  tested 
with  impact  stress  levels  ranging  from  2300  to  159|000  psi.  Most  models 
were  cycled  10,000  times,  but  two  configurations  were  each  subjected  to 
1,000,000  cycles.  In  general,  because  of  fixed-position  testing,  a  leak¬ 
age  reduction  with  cycles  was  noted.  However,  surface  degradation  in  the 
form  of  varying  degrees  of  corrosion  fretting  occurred  on  most  models. 

From  these  tests,  an  optimum  geometry  (minimum  degradation)  of  crowned 
contact  with  identical  poppet  and  seat  land  widths  evolved. 
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The  results  of  the  follow— on  program  have  proved  even  more  conclusively 
than  the  initial  effort  that  the  complexities  of  the  real  surface  defy 
explicit  definition  and  correlation  to  the  level  demanded  hy  current 
specifications.  However,  the  surface  descriptions  of  69  models,  and  data 
from  134  stress-leakage  tests,  acting  as  a  frame  of  reference  and  combined 
with  an  understanding  of  the  configuration  and  deformation  characteristics 
of  these  surfaces,  should  provide  a  base  from  which  more  meaningful  design 
decisions  may  he  made. 


SURFACE  STUDIES 


Valve  seating  is  the  basic  process  of  closing  off  an  opening  to  effect  a 
cessation  of  flov.  Since  the  ideal  closure  has  never  been  achieved  for 
fabricated  engineering  surfaces,  it  must  be  concluded  that:  (l)  a  no-load 
gap  exists  between  contacting  faces,  and  (2)  the  gap  is  created  by  various 
geometrical  errors.  The  study  of  surfaces  containing  these  errors  has 
been  a  part  of  considerable  research  accomplished  in  recent  years  to 
explain  and  define  the  phenomena  of  friction  and  wear.  Optical  and  mechan¬ 
ical  instruments  have  been  developed  to  observe  and  measure  both  the  over¬ 
all  geometry  and  the  minute  structure  of  surfaces.  Contact  theories  have 
evolved  from  numerous  experimental  research  programs  which  have  synthe¬ 
sized  models  of  surface  asperities  amenable  to  an  analytical  treatment. 
Evaluation  of  the  accumulated  results  of  many  researchers,  combined  with 
a  knowledge  of  the  detail  surface  inspection  and  finishing  methods,  will 
support  analysis  of  the  mechanism  of  valve  seat  leakage. 


SURFACE  TERMINOLOGY  AND  REPRESENTATION 

Included  in  this  section  are  definitions  of  terms  relating  to  the  subject, 
as  well  as  parameters  which  generally  describe  the  average  surface.  The 
following  definitions  have  been  extracted  from  Ref.  1. 


Surface  Texture 


Surface  texture  is  concerned  with  the  geometric  irregularities  of  solid 
surfaces  produced  by  the  various  machining  and  finishing  processes.  It 
is  the  repetitive  or  random  deviations  from  the  nominal  surface  which 
form  the  pattern  of  the  surface.  Surface  texture  includes  roughness, 
waviness,  lay,  and  flaws. 


Nominal  Surface.  Nominal  surface  is  the  intended  surface  contour,  the 
shape  and  extent  of  which  is  usually  shown  and  dimensioned  on  a  drawing 
or  descriptive  specification. 
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Profile .  The  profile  ia  the  contour  of  a  surface  in  a  plane  perpendicular 
to  the  surface,  unless  some  other  angle  is  specified. 


Centerline  (Median  Line).  The  centerline  is  the  line  about  which  rough¬ 
ness  is  measured,  and  is  the  line  parallel  to  the  general  direction  of 
the  profile  within  the  limits  of  the  roughness -width  cutoff,  such  that 
the  sums  of  the  areas  contained  between  it  and  those  parts  of  the  pro¬ 
file  which  lie  on  either  side  of  it  are  equal. 


Roughness .  Roughness  consists  of  the  finer  irregularities  in  the  surface 
texture  usually  including  those  irregularities  which  result  from  the  in¬ 
herent  action  of  the  production  process.  These  are  considered  to  include 
traverse  feed  marks  and  other  irregularities  within  the  limits  of  the 
roughness -width  cutoff. 


Roughness  Height.  Roughness  height  usually  is  rated  as  the  arithmetical 
average  devision  expressed  in  raicroinches  measured  normal  to  the  center- 
line,  It  may  also  be  expressed  as  a  root-mean-square  technique  which  had 
much  usage  in  the  past. 

Roughness  Width.  Roughness  width  is  the  distance  parallel  to  the  nominal 
surface  between  successive  peaks  or  ridges  which  constitute  the  predomi¬ 
nant  pattern  of  the  roughness.  Roughness  width  is  rated  in  inches. 


Roughness -Width  Cutoff  (Sampling  Length).  The  roughness-width  cutoff  is 
the  greatest  spacing  of  repetitive  surface  irregularities  to  be  included 
in  the  measurement  of  average  roughness  height.  Roughness-width  cutoff 
must  always  be  greater  than  the  roughness  width  to  obtain  the  total 
roughness  height  rating.  In  most  electrical  averaging  instruments,  the 
roughness-width  cutoff  can  be  selected.  It  is  a  characteristic  of  the 
instrument  rather  than  that  of  the  surface  being  measured.  In  selecting 
the  roughness-width  cutoff,  care  must  be  taken  to  choose  a  value  which 


will  include  all  of  the  surface  irregularities  which  it  is  desired  to 
assess.  Roughness-width  cutoff  is  rated  in  inches,  and  standard  values 
include  0.003,  0.010,  0.030,  and  0,100. 


Waviness .  Waviness  is  the  usually  widely  spaced  component  of  surface 
texture  and  is  generally  of  wider  spacing  than  the  roughness-width  cut¬ 
off.  Waviness  may  result  from  such  factors  as  deflections,  vibration, 
chatter,  heat  treatment,  or  warping  strains.  Roughness  may  be  considered 
as  superimposed  on  a  wavy  surface. 


Waviness  Height.  Waviness  height  is  rated  in  inches  as  the  peak-to-valley 
distance . 


Waviness  Width.  Waviness  width  is  rated  in  inches  as  the  spacing  of 
successive  wave  peaks  or  successive  wave  valleys. 


Lay.  The  lay  is  the  direction  of  the  predominant  surface  pattern  ordi¬ 
narily  determined  by  the  production  method  used. 


Flaws .  Flaws  are  irregularities  which  occur  at  one  place,  or  at  rela¬ 
tively  infrequent  or  widely  varying  intervals  in  a  surface.  Flaws  include 
such  defects  as  cracks,  blow  holes,  checks,  ridges,  and  scratches.  Un¬ 
less  otherwise  specified,  the  effect  of  flaws  is  not  included  in  the 
roughness  height  measurements. 


Surface  Symbols 


The  symbol  used  to  designate  surface  irregularities  is  the  check  mark 
with  the  horizontal  extension  (Fig.  l)  . 
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Vaviness  Height 


r\. 


Waviness  Width 


0.002-2 


Roughness -Width  Cutoff 


0.020  Roughness  Width 


Figure  1.  Standard  Surface  Symbol  With  Representative 
Surface  Characteristics 


Arithmetical  Average 

The  arithmetical  average  deviation  from  the  centerline  is  described  by 
the  following  integral: 

X='t 

AA  =  ^  J  |Y|  dx 

x=o 


where 


Y  =  ordinate  of  the  curve  of  the  measured  profile 
•t-  =  length  over  which  the  average  is  taken 

An  approximation  of  the  average  roughness  may  be  found  by  adding  the 
absolute  value  of  the  Y-increments  and  dividing  the  sum  by  the  number  of 

(Fig.  2). 

Y  +  Y,  +  Y  +  Y 

a  b  c  .  n 

_ 


increments  taken 

AA  - 
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Figure  2.  Incremental  Division  of  Theoretical 
Surface  Profile 


Root  Mean  Square 


Root-mean- square 
integral : 


rms  = 


centerline  deviation  is  defined  by  the  following 


1/2 

Y^dx 

x=o 


As  with  the  approximate  method  for  AA  above,  rms  may  be  found  by  squaring 
each  value  of  the  Y-increment,  summing  and  dividing  by  the  number  of  incre¬ 
ments,  and  then  taking  the  square  root.  The  effect  is  to  weight  the 
leurger  heights.  Instruments  designed  for  rms  roughness  values  read  some¬ 
what  higher  (Fig.  2)  than  those  calibrated  for  arithmetical  average  when 
compared  on  a  given  surface.  The  arithmetical  average  method  has  re¬ 
placed  the  rms  technique  as  an  index  of  surface  quality. 


Peak-to-Valley  Measurement  Proposal 

Interest  has  been  increasing  in  the  desirability  of  specifying  surface 
quality  by  peak-to-valley  measurements  rather  than  arithmetical  average 
roughness.  This  would  be  most  applicable  in  situations  requiring  ex¬ 
tremely  smooth  finishes  and  where  specifications  of  scratches  were 


9 


importcint.  Reliable  measurement  can  best  be  made  with  the  interference 
microscope  (microinterferometer),  noting  that  very  smooth  surfaces,  as 
those  produced  hy  lapping,  usually  have  more  or  less  uniform  irregulari¬ 
ties  with  few  deeper  scratches. 


Specif icati ons .  The  following  specif ications  for  peak-to-valley  parameters 
are  being  considered  by  the  ASA  (Ref.  2)  for  inclusion  in  a  future 
standard; 

1.  Peak-to-valley  height  of  general  (average)  surface  texture  shall 
not  exceed  XX  microinches  in  XX  inch. 

2.  Peak-to-valley  height  of  individual  irregularities  shall  not  ex¬ 
ceed  XX  microinches,  and  there  shall  be  no  more  than  X  irregu¬ 
larities  per  X  inch. 

3.  Pitting  or  voids  contained  in  XX  sq  in.  are  acceptable. 

The  tentative  standard  is  being  prepared  which  will  involve  measuring  the 
surface  texture  by  optical  methods. 


Symbols  for  Optical  Measurement.  A  proposal  has  been  made  to  the  ASA  ^ 

standards  committee  (Ref. 2  )  suggesting  the  surface  finish  symbol  shown 
in  Fig.  3  Tor  surfaces  requiring  optical  measurement. 


Indicates  pits  and 
voids  that  can  be 
contained  in  0.002 
X  0.003-inch  rec¬ 
tangle  are  acceptable 


General  texture  maxi¬ 
mum  peak-to-valley 
height  3  microinches 
in  0.030  inch 


Maximum  peak-to-valley 
of  individual  irregu¬ 
larities  10  microinches 
with  not  more  than  four 
irregularities  per 
0,010  inch. 


Figure  3.  Surface  Symbol  for  Optical  Measurement 
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Errors  of  Form 


These  errors  refer  to  deviation  of  the  nominal  surface  from  perfect  geom¬ 
etry  and  do  not  include  surface  texture.  Definitions  for  tolerances  of 
form  are  given  in  MIL-STD-8C. 


MEASURING  METHODS  AND  DEVICES 

A  brief  review  of  surface  measuring  devices  will  include  only  instruments 
capable  of  measuring  at  the  level  significant  to  this  study. 


Stylus  Instruments 

The  most  common  method  of  measuring  surface  roughness  is  by  moving  a  cone- 
shaped  diamond  stylus  over  the  surface  and  translating  its  vertical  motion 
to  a  value  of  average  deviation  from  the  mean.  Factors  which  affect  the 
resulting  reading  include  the  radius  of  the  stylus,  its  force  upon  the 
surface,  and  the  reference  surface  or  skid  upon  which  the  tracer  is  sup¬ 
ported.  Error  may  he  introduced  because  of  mechanical  vibration  and  elec¬ 
trical  limitations.  The  almost  universally  used  devices  use  stylus 
tracers  with  electrical  amplification  and  may  he  grouped  as  follows. 


Continuously  Averaging  Instantaneous  Readout.  This  is  a  tracer-type 
instrument  using  either  the  standard  0.0005-inch  radius  stylus  nr  the 
0.0001- inch  stylus  for  fine  finishes.  Vertical  movements  of  the  stylus 
are  converted  into  voltage  and  amplified  to  actuate  a  direct- reading  dial. 
These  readings  are  in  rms  or  arithmetical  average  with  the  lower  limit  of 
surface  discrimination  down  to  about  1  microinch.  This  device  shows  vari¬ 
ations  in  average  roughness  height  hut  does  not  indicate  asperity  config¬ 
uration  or  wavelength  greater  than  the  set  cutoff  value. 


Permanent  Record,  This  is  an  electromechanical  stylus  instrument  for 
measuring  and  recording  roundness,  flatness,  roughness,  scratches,  flaws, 
and  total  profiles.  For  a  linear  reference,  a  precision  flat  is  employed; 
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for  round  surfaces,  an  ultra-precision  spindle  is  used.  Magnified 
readings  or  traces  are  recorded  on  a  chart  with  vertical  magnifications 
of  up  to  50,000  times,  enabling  discriminate  study  of  geometry  and  minute 
surface  variations  including  waviness  and  asperity  angle. 

Probably  the  most  important  factor  contributing  to  misinterpretation  of 
surface  roughness  is  the  stylus  tip  radius  size.  It  is  obvious  that  some 
valleys  and  cracks  cannot  be  reached  by  stylus  tips  of  0.0005-  and  0.0001- 
inch  radius  found  in  most  instruments.  Also,  these  instruments  evaluate 
the  roughness  along  a  thin  line  which  undermines  accuracy  because  the 
three-dimensional  aspect  is  not  taken  into  account.  This  situation  might 
be  minimized  by  traversing  in  Vcirious  directions  and  also  by  having 
knowledge  of  the  distribution  of  the  irregularities. 

Interesting  comparisons  have  been  made  of  various  tip  radii  effects  on 
similar  surf aces (Ref .  3  ).  Results  showed  that,  for  a  turned  surface, 
the  0.001-inch  stylus  read  53-niicroinch  AA  finish  while  the  0.0001-inch 
stylus  gave  a  reading  of  52-microinch  AA,  hardly  a  significant  differ¬ 
ence.  But  in  three  ground  surfaces,  the  blunter  instrument  could  not 
bottom  consistently,  therefore  giving  smaller  measurements.  For  these 
surfaces,  the  0.001-inch  radius  tip  measured  1.6-microinch  AA  for  the 
first,  5-5  for  the  second,  and  22  for  the  third.  The  0.0001-inch  tip 
measured  1 . 8-,  7-,  and  31-micro  inch  AA,  respectively.  The  difference  in 
stylus  effect  is  more  pronounced  in  the  rougher  finishes  for  those  ground 
surfaces . 

The  precision  of  stylus  instruments  was  tested  by  comparison  with  stand¬ 
ards  which  were  constructed  and  measured  optically  by  Bickel  (Ref.  4). 

One  observation  was  the  effect  of  the  tracer  radius  in  interpreting 
sharp  corners  as  being  rounded  (Fig.  4), 
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Figure  4.  Stylus  Interpretation  of  a  Rectangular  Shape 


While  profiles  of  simple  sine  wave  shapes  could  be  accurately  followed  by 
the  stylus,  the  combined  form  of  rectangular  shapes  upon  a  sine  wave 
(Fig.  5)  could  not  be  contoured  satisfactorily. 


Figure  5.  Stylus  Interpretation  of  a  Con±)ination  Shape 


Table  1  indicates  the  results  obtained  by  Bickel  in  a  comparison  of  three 
stylus  instruments  (set  at  the  cutoff  values  noted)  while  measuring  rec¬ 
tangular  profiles  similar  to  those  shown  in  Fig.  4. 
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TABLE  1 


COMPARISON  OF  ARITHMETICAL  AVERAGING 
INSTRUMENTS  (MICROINCHES  AA) 


Calculated 

Instrument  A, 
0.030  inch 

Instrument  B, 
0.060  inch 

Instrument  C, 
0.030  inch 

2.7 

2.6 

2.36 

3.2 

25.0 

25.6 

26,4 

30.0 

58.0 

57.0 

53.3 

68.0 

120.0 

124.0 

128.0 

136.0 

A  calculated  curve  which  relates  the  stylus  radius  error  with  the  average 
roughness  height  of  precision  reference  specimens  used  to  calibrate  these 
instruments  is  found  in  Appendix  C  of  Ref.  1*  The  reference  specimen  pro¬ 
file  is  made  up  of  a  series  of  known  sizes  of  peaks  and  valleys  having 
included  angles  of  I5O  degrees.  For  example,  use  of  stylus  tips  having 
0.0005-  and  0.0001-inch  radii  for  a  reference  specimen  of  a  4-microinch  AA 
results  in  errors  of  77  and  12  percent,  respectively,  indicating  the  rel¬ 
ative  capability  of  each  tip  radius  to  bottom  the  150-degree  included  angle. 

In  measuring  errors  of  form,  the  precision  spindle  electromechanical  stylus 
instrument  providing  a  profile  record  has  generally  replaced  the  more 
simple  two  and  three  point  comparitor  methods.  (See  Ref.  5  for  a  compre¬ 
hensive  collection  of  papers  on  roundness  measurement.)  Where  lobing  and 
nonsymmetrical  errors  exist,  this  is  the  only  technique  which  will  give 
valid  results.  However,  as  with  all  measuring  methods,  familiarity  with 
potential  errors  and  correct  interpretation  of  the  profile  is  necessary 
to  obtain  accurate  and  repeatable  results.  Of  particular  importance  is 
the  proper  alignment  of  the  basic  reference  of  the  part  being  measured 
with  respect  to  the  measuring  datum.  In  the  case  of  flat  parts,  the  nom¬ 
inal  surface  must  be  parallel  with  a  plane  perpendicular  to  the  spindle 
axis  so  that  recorded  deviations  are  totally  from  the  part  and  not  from 
setup  errors.  The  mean  axis  of  cylindrical  parts  must  be  coincident  with 
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the  axis  of  the  apindle  or  an  error  in  roundneaa  vill  he  auperimpoaed 
upon  the  profile.  For  example,  a  perfectly  round  part  vill  present  a 
aine  vave  linear  trace  vhen  located  eccentrically  from  the  spindle  axis. 
Furthermore,  interpretation  of  numerical  values  can  he  geometrically  mia- 
leading  due  to  high  vertical  magnification  (5  x  10  ).  Dips  in  the  pro¬ 
file  trace  of  round  surfaces  are  significant  only  of  a  amall  change  in 
radius  and  not  actual  depreaaions  in  the  surface  (neglecting  surface 
texture ) . 


Taper  Sectioning 

Taper  sectioning  is  a  method  vherehy  the  surface  roughness  is  magnified 
hy  slicing  (grinding  and  lapping)  the  surface  at  an  oblique  angle.  The 
magnification  of  the  surface  asperities  of  a  taper  section  is  a  function 
of  the  taper  angle,  e.g.,  if  the  section  is  cut  at  2,3  degrees,  the  ver¬ 
tical  dimension  vould  he  25  times  the  horizontal.  Most  materials  require 
hard  surface  electroplating  to  prevent  damage  vhen  cutting.  This  method 
of  surface  study  is  most  accurate  vhen  the  irregularities  are  vedge-shaped 
or  produced  by  unidirectional  processes.  Vhen  ground  surfaces  of  this 
type  are  vieved,  they  appear  as  jagged,  sharp  peaks  vith  an  irregular 
pattern.  Lapped  multidirectional  surfaces  are  very  difficult  to  evaluate 
because  they  include  pits,  gouges,  and  material  that  appears  to  he  float¬ 
ing  on  the  surface.  Evidently,  vhat  is  seen  considering  various  sized 
cones  as  the  surface  makeup  vill  depend  on  the  sectioning  angle  and  at 
vhat  point  it  cuts  each  cone. 

Excellent  taper  sectioning  can  he  seen  in  Plate  I  of  Ref.  6  and  pages  191 
and  192  of  Ref.  7-  These  microphotographs  shov  the  irregular  contour 
of  various  finishes  on  metal  surfaces.  One  particular  photo  (Ref.  7  ) 
shovs  a  1 . 6-micro inch- rms  surface  vhose  vertical  dimensions  are  optically 
magnified  to  10,000X.  The  surface  appears  to  he  less  jagged  than  other 
photos  of  higher  rms  values.  A  taper  section  microphotograph  (Ref.  7  ) 
shovs  a  surface  finished  hy  loose-ahrasive  lapping.  It  is  unique  in  that 
no  definite  trace  can  he  observed,  rather  vhat  is  seen  are  outlines  of 
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cones  or  "mountains"  of  various  sizes  superimposed  and  scattered  through¬ 
out.  Analysis  of  such  surfaces  would  he  difficult  even  though  the  surface 
can  he  microscopically  resolved  to  1  microinch. 


Optical  Interference 

The  use  of  the  principle  of  light  wave  interference  makes  it  possible  to 
measure  surface  finishes  to  a  high  degree  of  precision.  Monochromatic 
light  is  directed  through  a  transparent  material  with  an  accurate  flat 
side  which  lies  on  the  surface  being  inspected  (Fig.  6).  The  two  surfaces 
are  separated  by  a  thin  "wedge" of  air.  Light  waves  are  reflected  from  the 
work  piece  and  the  optical  flat  surfaces  so  that  waves  in  phase  produce 
bands  of  light  and,  conversely,  when  they  are  out  of  phase  the  waves  inter¬ 
fere,  producing  dark  bands.  Alternate  bands  of  light  and  dark  approxi¬ 
mately  the  same  width  appear  at  right  angles  to  the  direction  of  the  air 
wedge.  The  bands  give  the  effect  of  a  contour  map,  decreasing  in  width 
and  increasing  in  number  as  the  wedge  separation  distance  increases. 
Conversely,  on  a  flat  surface  the  bands  will  appear  straight  and  parallel. 
The  distance  from  a  point  on  one  band  to  the  next  band  is  equal  to  l/2  of 
the  wave  length  of  the  light  used.  The  waviness  and  jaggedness  of  the 
interference  bands  are  an  indication  of  the  surface  irregularity  and  can 
be  measured. 


Figure  6.  Light  Interference  With  an  Optical  Flat 


fW' 
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Optical  Flats.  Optical  flats  are  precision  glass  or  quartz  plates  that 
are  flat  to  less  than  0.000001  inch,  and  utilize  optical  interference 
between  the  specimen  and  the  optical  flat  as  shown  in  Fig.  6.  Normally, 
a  source  of  monochromatic  light  is  used.  Some  of  the  light  sources  avail¬ 
able  are  white  light  with  a  wave  length  (x)  of  approximately  20  micro¬ 
inches,  yellow-orange  light  at  23.2  microinches,  and  green  light  at 
21.5  microinches. 


Micro interferometry.  Microinterferometry  is  the  use  of  the  optical  flat 
and  monochromatic  light  source  with  a  microscope,  which  gives  a  very  sen¬ 
sitive  method  of  measuring  surface  roughness.  The  instruments  incorpor¬ 
ating  this  principle  are  known  as  interference  microscopes  or  microinter¬ 
ferometers.  The  Zeiss  instrument  (fief.  8),  with  magnification  lenses 
of  SOX,  200X,  and  480X,  uses  a  reference  mirror  on  one  side  of  the  optical 
flat  and  two  light  beams.  Various  reflecting  powers  are  available  so  the 
brightness  of  the  test  piece  can  be  matched,  giving  sharp  fringes. 

This  type  of  equipment  is  best  applied  on  highly  finished  or  glossy  sur¬ 
faces  where  the  deviation  of  surface  heights  is  within  a  few  light  wave 
lengths.  Coarse  surfaces  cause  the  contour  lines  to  become  very  close 
together  and  interpretation  very  difficult. 


Multiple-Beam  Interferometry.  Most  of  the  advances  toward  the  high  degree 
of  sensitivity  of  the  multiple-beam  interferometry  method  of  measuring 
surface  contour  have  been  made  recently.  Surfaces  of  the  optical  flat 
and  the  specimen  (if  nonref lective )  are  coated  with  silver  having  a  high 
reflecting  coefficient  and  also  a  high  transmission  coefficient  so  that 
incident  light  will  be  reflected  back  and  forth  resulting  in  an  interfer¬ 
ence  pattern  of  all  these  beams  (Ref.  9  lo).  The  relatively  wide 

bands  usually  observed  in  other  optical  methods  are  reduced  to  thin  lines 
which  are  able  to  reveal  fine  detail  down  to  0.02  microinch  when  suffici¬ 
ent  horizontal  resolution  is  available. 
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Electron  Microscope 


The  high  resolving  power  of  the  electron  microscope  msikes  it  useful  for 
the  determination  of  fine  finishes.  Its  main  difficulty  is  that  the 
electrons  must  pass  through  the  specimen  before  striking  a  photographic 
plate,  thereby  limiting  its  use  to  thin  sections.  Another  drawback  is 
the  necessity  of  using  high  vacuum  and  strong  electron  beams  which  can 
cause  physical  changes  in  certain  specimens  (Ref. 11). 

The  surface  roughness  is  estimated  by  light  and  dark  areas  on  the  photo¬ 
graphic  plate.  Electrons  hitting  high  spots  have  a  longer  path  to  travel 
so  that  a  smaller  portion  of  them  will  pass  through.  The  relative  density 
on  the  photo  plate  is  an  indication  of  the  variation  of  surface  height. 

In  certain  instances  (thick  sections),  it  is  impractical  to  use  the  actual 
specimen  so  plastic  replicas  of  the  surface  are  used.  The  surface  is 
coated  with  a  film  which  is  then  stripped  off  and  examined.  In  practice, 
resolution  down  to  0.2  microinch  or  magnification  of  10,000  diameters 
(Ref. 12)  is  usual,  although  linear  magnification  of  50,000  is  possible 
with  this  type  of  instrument  under  optimum  conditions.  Excellent  micro¬ 
photographs  of  polished  surfaces  obtained  by  this  technique  can  he  seen 
on  pages  188  and  189  of  Ref,  11. 

The  disadvantages  of  the  replica  technique  can  he  avoided  by  the  electron 
reflection  method  where  the  surface  is  viewed  obliquely  and  the  surface 
protuberances  are  seen  in  profile.  This  method,  studied  by  Halliday 
(Ref.  13)}  is  shown  to  be  particularly  suitable  for  the  examination  of 
surfaces  on  which  the  irregularities  are  small;  therefore,  ground,  lapped, 
finely  abraded  and  polished  surfaces  can  be  studied. 


Profile  or  Light  Section  Microscope 

This  simple  optical  method  gives  a  detail  picture  of  the  surface  but  only 
of  a  very  thin  plane.  The  light  source  provided  through  a  narrow  slit 
falls  on  the  specimen  at  an  angle  of  45  degrees  to  the  surface  of  the 
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gpecimen.  Seen  in  the  optical  system  is  a  cross  section  of  local  irregu¬ 
larities  made  by  a  line  of  light  following  the  surface  contour  (Fig.  7)- 


■j 
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LIGHT 

SOURCE 


Figure  7.  Principle  of  the  Light  Section  Microscope 


The  smallest  irregularity  visible  is  on  the  order  of  the  wave  length 
of  light  or  microinches  (Ref.ll).  Sensitivity  of  this  method  is  between 
20  and  l600  microinches  in  deviation  from  the  plane  surface.  It  is  con¬ 
siderably  less  sensitive  than  interferometry,  being  based  on  simple 
magnification  rather  than  interference. 


ClIAIblCTERISTICS  OF  RPAL  SURFACES 

To  visualize  real  surfaces  properly  requires  the  ability  to  think  small 
coupled  with  first-hand  experience.  There  are  many  variations  possible 
in  ground  and  lapped  surfaces  because  of  the  complexity  of  even  the  most 
regular  fine  finishes.  Some  idea  of  the  scope  of  the  topography  can  be 
obtained  with  the  analogy  of  a  plowed  field  or  a  mountainous  terrain. 
Metal  surface  asperities  undergo  transformations  similar  to  erosion  as 
the  surface  is  made  smooth.  Peaks  are  removed,  and  the  remaining  slopes 
become  less  steep. 
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Dimensions 


Real  surface  dimensions  are  measured  normally  in  microinches  or  millionths 
of  an  inch  vith  nearly  40  microinches  to  the  micron  (lO  ^  meters)  and 
250  Angstrom  units  to  the  microinch.  Metal  valve  seats  are  normally 
finished  to  less  than  I6  microinches  AA  by  grinding  and  lapping,  which 
places  the  upper  peak-to-valley  measurement  at  less  than  100  microinches 
(0.0001  inch).  At  the  other  end  of  the  spectrum,  the  lower  limit  of  int¬ 
erest  is  in  the  vicinity  of  1  microinch  based  on  current-day  achievements. 

To  describe  the  surface  geometry  more  completely,  an  angle  is  often  assoc¬ 
iated  with  surface  asperities.  This  angle  is  the  slope  of  individual 
undulations  relative  to  the  nominal  surface.  Except  for  machine- induced 
regularities,  the  asperity  slope  has  wide  variation  from  minute  fraction 
of  a  degree  to  approaching  the  vertical,  depending  upon  the  scale  of 
roughness  viewed.  As  with  mountainous  terrain,  large-scale  undulations 
have  shallow  angles,  and  range  from  a  gross  flat  characteristic  of  one 
gradual  curve  to  periodic  waviness.  Superimposed  upon  the  larger  undula¬ 
tions  are  smaller  and  smaller  facets  (analogous  to  individual  mountain 
peaks),  and  the  smaller  the  facet  viewed,  the  larger  the  slope  angle  may  be. 

A  detailed  examination  of  ground,  lapped,  and  abraded  surfaces  was  under¬ 
taken  by  Halliday  (Ref.13  )  using  reflection-electron  microscopy.  Micro¬ 
graphs  of  aluminum,  copper,  mild  steel,  and  hardened  tool  steel  show 
asperity  slope  angles  and  heights  from  0,1  degree  and  0.4  microinch  for 
electropolished  aluminum  to  30  degrees  and  70  microinches  for  ground, 
hardened  steel.  Finer  surfaces  of  approximately  a  10~microinch  height 
had  corresponding  asperity  angles  of  about  1  to  2  degrees.  This  places 
the  base  dimensions  of  these  asperities  between  100  and  1000  microinches. 

Eabinowicz  (Ref.  I4)  describes  results  of  absorption  methods  used  for 
deducing  real  surface  area.  It  is  noted  that  relatively  smooth  surfaces 
obtained  by  rolling  or  electropolishing  have  real  areas  only  slightly 
greater  than  projected;  however,  a  metal  surface  obtained  by  an  abrasion 
process  has  a  total  area  nearly  three  times  its  projected  area.  The  sig¬ 
nificance  is  that  for  the  latter  surface  the  angular  inclines  would  have 
to  be  quite  large,  the  average  slope  angle  being  70  degrees. 
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Configuration 


It  has  often  been  assumed  that  the  irregularities  or  asperities  of  finishes 
that  have  been  ground  or  lapped  multidirectionally  are  generally  cone 
shaped.  They  begin  in  the  shape  of  vedges,  scratches,  etc.,  but  are 
slovly  rounded  as  cuts  are  taken  radially.  Examining  any  one  irregularity 
microscopically  vould  shov  smaller  irregularities  pointing  to  a  situation 
of  flatness  not  being  possible  in  an  absolute  sense. 

Bowden  and  Taber  (Ref.  6)  describe  investigations  of  yield  pressure  as  a 
function  of  the  included  angle  or  a  single,  cone-shaped  asperity  in  an 
analysis  of  the  plasticity  characteristics  of  the  cone. 

Other  surface  investigators  in  various  experiments  concluded  that  meaning¬ 
ful  results  are  possible  when  assuming  conical  asperity  shapes  (Ref.  15,  16, 
17,  and  is).  Archard  (Ref.  I5 )  discussed  some  interesting  data  of  an 
experiment  by  Halliday  who,  by  reflection-electron  microscopy,  measured 
the  slopes  of  surface  irregularities  of  various  steel  and  copper  cylinders 
that  were  rough-etched  and  rolled  against  each  other  with  contact  force 
high  enough  to  cause  plastic  flow.  The  resultant  maximum  slope  angle 
measured  1.2  degrees,  and  the  minimum  0.8  degree.  Archard 's  conclusions 
suggested  that  asperities  of  angles  more  than  some  calculable  amount  will 
plastically  yield  until  they  reach  the  shallow,  low,  wide-base  shapes 
measured  above.  These  asperities  of  small  slope  will  elastically  deform 
into  the  surface  until  sufficient  bearing  area  is  developed  to  support 
the  applied  load. 

Many  of  the  approximations  of  the  conical  shape  and  size  can  be  applied 
to  the  pyramidal  shape.  This  shape  can  be  assumed  to  result  if  a  surface 
is  finished  by  a  process  involving  abrasion  or  cutting  in  two  directinns 
normal  to  each  other.  In  unidirectional  processes  such  as  turning  or 
superfinishing  the  wedge-shape  irregularity  results.  Scratches  fall  into 
this  category.  As  the  wedge  shapes  become  shorter  in  length  as  in  grind¬ 
ing,  they  approach  more  closely  the  pyramidal  shapes. 
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The  geometry  of  apherical-ahaped  aaperitiea  haa  been  aaaumed  by  Archard 
(Ref.  15),  Kragelsky  (Ref.  19  ),  and  Bovden  and  Tabor  (Ref.  6)  in  contact 
analyaea  where  thia  idealized  configuration  lessened  the  mathematical 
difficulties  involved.  It  is  probable  that, among  the  various  shapes 
suggested,  the  spherical  one  is  most  unlikely  to  occur  except  in  unique 
cases.  However,  with  a  situation  of  worn,  broken, or  deformed  peak  points, 
almost  any  shape  asperity  may  approximate  the  sphere  if  only  at  its  tip. 

There  is  little  information  on  the  statistical  distribution  of  asperities 
of  fine  surfaces.  The  surface  of  the  most  finely  finished  material  can 
be  described  as  irregular  if  very  sensitive  instruments  are  used  to  ex¬ 
amine  it.  Indications  are  that  all  surfaces  contain  random  irregularities 
of  various  sizes  with  scratches,  cracks,  and  intermittent  flaws.  Applica¬ 
tion  of  distribution  laws  can  only  be  done  theoretically  with  approxima¬ 
tion  as  the  result. 

A  paper  by  Reason  (Ref.  20)  shows  profile  charts  of  two  actual  surfaces 
whose  profiles  do  not  appear  congruent  but  having  similar  AA  values. 

These  inconsistencies  have  been  recognized  by  researchers  in  the  field 
(Ref.  4,  21  and  7  )  in  considering  the  multitudinous  variables  affecting 
surface  geometry;  it  has  been  suggested  by  Reason  (Ref.  20)  that,  for 
some  surfaces,  the  process  of  manufacturing  may  need  to  be  specified  with 
the  AA  used  as  a  simple  controlling  measure.  TRis  approach  is  obviously 
applicable  to  many  critical  valve  sealing  surfaces. 


Visual  Appearance 

In  describing  real  surfaces,  a  great  deal  of  importance  is  often  placed 
on  visual  effects  and  what  is  assumed  from  them.  At  best,  the  resolving 
power  of  optical  microscopes  is  6.7  micro  inches*,  and  no  configurations 
smaller  than  this  dimension  can  be  clearly  seen.  Matte  surfaces  contain 
irregularities  smaller  than  40  microinches  set  at  random  angles  so  as  to 
scatter  the  majority  of  light.  The  darker  the  surface  the  more  scattered 

WT  wave  length  of  maximum  intensity 
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the  light  and,  thus,  rougher  the  surface.  Conversely,  polished  surfaces 
have  broad  areas  which  reflect  a  great  deal  of  light  similar  to  a  mirror; 
however,  in  normal  terms  of  peak-to-valley  roughness,  both  surfaces  can 
have  the  same  average  value. 

Attempting  to  judge  surface  texture  on  a  purely  visual  basis  is  generally 
misleading.  Matte  surfaces  will  tend  to  hide  defects  and  scratches.  How¬ 
ever,  a  smooth  appearing,  mirror-like  surface  may  contain  relatively  large 
undulations . 


Composition 

The  surface  layer  is  composed  of  a  mixture  of  absorbed  gases,  metallic 
oxides,  and  various  other  contaminants  in  amounts  depending  upon  past 
history.  It  is  these  contaminants  which  maintain  sufficient  separation 
between  mating  surfaces  to  preclude  welding.  Bowden  and  Tabor  (Hef.  6) 
indicate  that  freshly  lapped  or  ground  metals  (iron,  nickel,  chromium, 

£ind  aluminum)  will  acquire  a  layer  of  oxide  between  10  and  100  Angstroms 
thick  in  about  5  minutes  or  less  .  It  is  the  breakdown  of  these  oxides 
and  other  films  which  lead  to  wear  and  galling  or  seizure. 

Because  of  the  work-hardening  nature  of  the  finishing  process,  the  hard¬ 
ness  of  the  surface  layer  will  be  greater  than  the  base  metal.  Soft, 
work -harden able  materials  will  have  a  larger  increase  than  hardened 
steels.  In  addition,  hardness  within  the  crystalline  grain  structure  of 
metals  may  vary  considerably.  This  can  induce  roughness  between  contacting 
surfaces  under  loaded  conditions. 


CONTACT  AREA  AND  LOADING  EFFECTS 

If  two  relatively  smooth  surfaces  are  brought  together,  contact  will  take 
place  only  in  isolated  spots.  The  irregular  nature  of  the  surfaces  will 
permit  stable  touching  at  three  points  of  contact  until  increased  load 
causes  a  combination  of  plastic  flow  of  the  initially  contacted  asperities 
and  elastic  deformation  of  the  supporting  base  material. 
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Gross  areas  of  contact  may  be  completely  defined  vhen  the  contact  is 
curvilinear  as  in  bearings  and  curved  rollers,  etc.  The  Hertz  theory  of 
elastic  contacts  (Ref.  22)  describes  a  contact  stress  distribution  which 
allows  computation  of  gross  bearing  area,  maximum  stress,  and  deformation. 
Nominally  flat  surf aces, which  are  not  perfectly  flat,  do  not  have  well- 
defined  regions  of  gross  contact  until  loads  are  such  as  to  bring  the 
geometric  total  of  the  bearing  surfaces  in  intimate  contact.  Even  then 
the  real  contact  area  is  only  a  relatively  small  percentage  of  the  gross 
or  apparent  bearing  area  because  of  surface  roughness. 

In  their  study  of  friction  and  lubrication,  Bowden  and  Tabor  (Ref.  6) 
have  evolved  contact  theories  to  describe  the  real  contact  area  between 
metal  surfaces.  These  are  based  upon  observed  evidence  that; (l)  real 
contact  area  increases  in  direct  proportion  to  applied  load,  and  (2) 
friction  force,  while  independent  of  apparent  area,  is  a  function  of  the 
real  area  of  contact.  If  the  contacting  asperities  are  assumed  in  a 
state  of  full  plasticity  and  welded  at  contact,  the  force  required  to  shear 
the  welds  would  be  the  friction  force.  The  real  area  of  contact  is  de¬ 
fined  by  the  plastic  flow  pressure  (Pj^) ,  or  stress,  of  the  surface  asper¬ 
ities  and  load  (w) ,  so  that: 

A  -  ^ 
r  P 
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The  plastic  flow  pressure  has  been  evaluated  for  pyramidal  and  spherical 
shapes  and ,  for  the  shallow  slope  angles  normal  for  asperities,  is  re¬ 
lated  to  the  elastic  limit  (y)  by  a  constant.  It  is,  therefore,  inde¬ 
pendent  of  the  applied  load;  for  fully  work-hardened  metal : 


P  =  2.8Y 

m 

The  real  area  of  contact  is  also  defined  by  the  material  shear  strength 
(s)  and  friction  force  (f)  as 
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and  it  follovs  that  the  friction  coefficient: 
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This  relationship  has  been  experimentally  correlated  for  a  number  of  dif¬ 
ferent  materials.  Considering  that  valve  seats  normally  vork  well  below 
the  yield  strength, it  is  apparent  that  the  real  areas  of  contact  computed 
from  the  above  equation  would  result  in  a  very  small  percentage  of  the 
apparent  area  in  real  contact.  If  it  can  be  assumed  that  the  appeirent 
contact  area  (A^)  is  defined,  the  ratio  of  real  to  apparent  area  is  equal 
to  the  ratio  of  apparent  stress  (S^)  to  plastic  flow  pressure  (Pjjj)  j 

or : 
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A  typical  hardened  valve  seat  (Y  =  250,000  psi)  operating  at  10,000-psi 
apparent  stress  would  then  have  a  real  contact  area  equal  to  1.4  percent 
of  the  apparent  contact  seating  area. 

In  flat  surface  experiments  (Ref.  6),  two  steel  surfaces  (lapped  flat 
within  a  few  fringes)  of  0.124  2uid  3-25  aq  in.  were  brought  together  under 
various  loads,  and  the  electrical  resistance  between  them  was  measured  to 
determine  the  real  contact  area.  Results  for  the  3-25-sq  in.  pair  are 
duplicated  as  follows: 


Load , 
pounds 

Apparent 

Stress, 

psi 

n 

Contacts 

Diameter  of 
Each  Contact, 
inches 

Fraction 
of  Area  in 
Contact 

R, 

10  ohms 

4.4 

1.35 

3 

0.004 

1/100,000 

50.0 

11.0 

3.38 

5 

0.005 

1/40,000 

25.0 

44.0 

11.4 

9 

0.007 

l/l0,000 

9.0 

220.0 

68.0 

22 

0.009 

1/2,000 

2.5 

1100.0 

338.0 

35 

0.017 

1/400 

0.9 
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The  results  indicate  real  area  proportional  to  load.  However,  the  range 
of  apparent  stress  is  far  below  valve  seat  stresses. 

Through  analysis  of  wear  experiments,  Archard  (fief.  1^  has  concluded 
that  real  surfaces  support  their  loads  predominantly  in  an  elastic  manner 
with  only  a  small  percentage  of  the  contacts  undergoing  plastic  flow. 
Friction  between  real  surfaces  has  been  experimentally  proved  to  be  pro¬ 
portional  to  the  real  area  of  contact.  Archard  has  examined  mathematical 
models  of  spherical  surface  protuberances  pressing  on  a  flat  plate  and 
has  shown  that  real  contact  area  is  a  power  function  of  the  load  or 

A  oc  V/” 

where  n  =  2/3  for  a  single  protuberance  (Hertz)  and  approaches  unity 

for  numerous  protuberances.  This  conclusion  was  also  reached  by  Kragelsky 
(Ref  .19).  C  onsequently,  it  was  concluded  (Ref.  1^  that  surface  welding 
was  a  consequence  of  singular  encounters  occurring  infrequently,  and  the 
more  typical  event  is  an  elastic  contact  in  which  protuberances  separate 
without  damage.  The  elastic  event  thus  determines  friction  and  not 
welding  as  concluded  by  Bowden  and  Tabor. 

In  substantiation  of  his  views,  Archaird  describes  the  results  of  reflection 
electron  microscopic  examination  (Ref.  1^  of  some  metal  surfaces  (aluminum, 
copper,  iron,  nickel,  steel,  etc.)  pressed  flat  (base  metal  plastically 
flowed)  by  a  carefully  polished,  hardened— steel  anvil.  It  was  shown  that 
the  resulting  slopes  of  the  asperities  were  in  all  cases  less  than  1.2 
degrees  and ,  following  compression,  were  entirely  elastic  in  that  the 
asperities  could  be  pressed  just  flat  without  plastic  flow.  Moreover, 
in  experiments  involving  phase  contrast  microscopy  observation  of  nomi¬ 
nally  flat,  ground,  polished,  and  lapped  specimens  against  a  metallized 
gloss  surface,  Dyson  and  Hirst  (Ref.  2^  concluded  that  the  bearing  area 
may  be  comprised  of  considerably  more  points  of  contact  than  noted  by 
Bowden  and  Tabor.  Instead  of  9  contacts  at  a  0.007-inch  diameter  and 
44  pounds,  they  measured  many  contacts  of  only  a  "few  microns"  (O.OOOl 
to  0.0002  inch)  under  similar  conditions.  This  evidence  supports  Archard ' s 
hypothesis  of  bearing  area  increasing  directly  with  load  through  an  in¬ 
crease  in  number  of  contacts. 
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The  elastic  theory  would  suggest  that  low  slopes  of  irregularities  of 
the  fine  finishes  being  considered  applicable  to  valve  seats  would  pre¬ 
clude  the  occurrence  of  plastic  flow.  The  significance  here  is  important 
when  considering  the  effect  of  removing  the  load  which  allows,  in  this 
reversible  process,  a  return  to  the  original  state  of  the  surface. 


Further  substantiation  of  Archard's  views  of  elastic  behavior  of  surface 
asperities  are  provided  by  O'Connor  (Ref.  24)  in  examining  the  role  of 
asperities  in  transmitting  tangential  forces.  An  idealized  surface  with 
a  sinusoidal  profile  is  assumed  in  contact  with  a  flat  surface  of  the 
same  material  under  an  average  pressure.  For  purely  elastic  deformation, 
the  Hertz  theory  indicates  real  to  apparent  area  of  contact 


with 


X 

h 


>1.27 


as  required  microgeometry  for  elastic  behavior 


where 

A  =  apparent  area 

Qi 

A  =  real  area 

r 

E  =  elastic  modulus 

h  =  peak-to-valley  height  of  surface  asperities 
P  =  average  Hertz  contact  pressure 

Y  =  yield  strength 

X  =  wave  length  of  surface  asperities 
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For  full  plasticity,  the  required  load  is  approximately  75  times  that  re¬ 
required  for  initial  yield;  therefore,  the  criterion  for  fully  plastic 
behavior  is  : 


X 

h 


<  0,017 


Microscopic  examination  of  several  surfaces  varying  from  rough-and-soft 
(X/h  of  5  and  DPI!*  145)  to  smooth-and-hard  (X/h  of  30  and  DPH  700)  indi¬ 
cated  a  general  correlation  with  the  above  analysis,  i.e.,  the  asperities 
of  the  soft  material  yielded  plastically  while  the  hard  surface  indicated 
no  signs  of  yielding,  either  directly  or  with  profile  records.  These  ex¬ 
periments  were  performed  using  a  normal  load  of  13,440  pounds  between  two 
surfaces,  one  of  which  was  flat  and  the  finish  varied,  and  the  other  curved 
to  a  30-inch  radius  with  the  surface  hard  and  polished.  The  high,  normal 
load  resulted  in  elastic  contact  circles  of  approximately  a  l/2-inch 
diameter  and  maximum  contact  pressures  for  the  hard  and  soft  materials 
of  83,000  and  53,000  psi,  respectively.  Although  the  asperities  of 
the  soft  material  yielded,  its  real  area  of  contact  was  only  slightly 
larger  than  the  harder  specimen.  The  values  for  the  soft  metal 

that  were  calculated  and  microscopically  measured  was  0.28  at  the  center 
or  maximum  pressure  area,  whereas  the  calculated  value  for  the  harder 
material  was  0.20, 


The  paper  concludes  that  the  majority  of  surface  irregularities  of  typical 
engineering  surfaces  are  deformed  elastically,  or  at  least  do  not  reach 
the  condition  of  full  plasticity.  Under  these  conditions,  the  area  of 
real  contact  is  determined  by  the  surface  topograph  (x/h)  as  we  11  as  hard¬ 
ness  of  the  material,  and  is  appreciably  greater  than  a  purely  plastic 
analysis  would  suggest. 

Generally  supporting  the  theory  that  surfaces  deform  under  load  in  a  pre¬ 
dominantly  elastic  mode  is  a  significant  collection  of  papers  from  the 
Soviet  Union  (Ref.  25),  summarizing  the  results  of  studies  on  contact 
area.  Of  particular  importance  was  the  conclusion  that  real  bearing  area 

*DPH  =  Vickers  diamond  pyramid  hardness  number 
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increases  vith  load  as  a  function  of  increasing  number  of  contacting 
asperities  vith  the  grovth  of  individual  asperity  contacts  contributing 
little  to  the  total  area.  (it  should  be  noted,  hovever,  that  vhen  the  real 
bearing  area  becomes  an  appreciable  fraction  of  the  apparent  area,  the  con¬ 
cept  of  individual  contacting  asperities  fails  and  real  area  must  increase 
vith  increase  in  the  size  of  individually  contacted  asperities.) 

The  above  concepts  are  generally  supported  by  Greenvood  (fief.  26)  vho 
examined  the  influence  of  asperity  distribution  statistics  upon  contact 
area  and  compliance  betveen  rough  surfaces  and  flats.  He  proposes  a 
"plasticity  index"  for  surfaces  vith  spherical  asperities  vhich  predicts 
elastic  contact  at  heaviest  loads  for  "polished  and  veil  run-in"  surfaces. 
(This  index  is  much  the  same  as  that  of  O'Conner's  previously  presented.) 


SURFACE  DAMAGE  AND  WEAR 

The  vast  literature  on  friction  and  vear  attests  to  the  complexity  of 
this  subject.  The  purpose  of  this  section  is  not  to  summarize  the  liter¬ 
ature  vhich  has  been  accomplished  by  recognized  authorities  (Ref.  6,  27? 

14  and  28),  but  to  present  a  sjuiopsis  of  related  data  vhich  might  lead 
tovard  an  understanding  of  cyclic  seating  effects  upon  the  closure  geom¬ 
etry  and  leakage. 

Elastic  theory  has  shovn  that,  for  direct  normal  contact,  material  fail¬ 
ure  initially  occurs  belov  the  surface.  As  tangential  forces  are  applied, 
the  maximum  shearing  stress  moves  up  tovard  the  surface  (Ref.  29)  and, 
vith  sufficient  friction,  exists  at  the  surface.  Overcoming  frictional 
forces,  interfacial  slip  vith  vear  results. 

For  most  valve  seats,  a  period  of  cyclic  service  usually  results  in  some 
change  in  the  lealcage  characteristic.  When  leakage  decreases  vith  cycles, 
a  "run  or  vear-in"  process  is  thought  of  and  for  the  converse,  a  "vear-out." 
A  change  in  the  leakage  characteristic  certainly  denotes  a  change  in  the 
seating  compliance  (since  seat  loads  are  fixed)  and,  in  the.  absence  of 
changing  external  forces,  a  change  in  the  surface  profile.  The  converse 
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assumption  of  constant  leakage  representing  constant  surface  profile  is 
not  likely  because  the  probable  interplay  between  surface  roughness, 
macroelastic  and  plastic  strains  due  to  contaminants  and  edge  contacts, 
and  wear  from  interfacial  shear. 


Plastic  Strains 


Substrate  plastic  strains  with  attendant  change  of  geometrical  form  are 
a  complex  function  of  the  impulse  load  and  its  distribution.  Valve  seat¬ 
ing  members  having  errors  of  form  (taper,  out-of-roundness ,  or  parallelism) 
or  which  are  imperfectly  guided  may  he  subject  to  such  deformations 
depending  upon  the  amount  of  error.  Because  of  the  geometrical  complexity 
of  most  valve  seating  errors,  a  theoretical  treatment  for  stress  distri¬ 
bution  which  might  allow  an  elastic  design  approach  is  generally  not 
available  (see  Seating  Analysis  section  for  treatment  of  this  subject). 

Wliere  initial  impacts  cause  plastic  deformation,  subsequent  cycles  under 
like  conditions  will  produce  predominantly  elastic  deformation  since  the 
material  has  been  deformed  and  strengthened  to  an  equilibrium  state. 
Interfacial  compliance  will  he  affected  in  proportion  to  the  amount  and 
location  of  plastically  displaced  material  because  this  material  must 
henceforth  he  elastically  deformed  by  the  fixed  seat  load.  If  the  dis¬ 
placed  material  is  above  the  plane  of  seating,  leakage  will  he  increased. 
Conversely,  if  material  has  been  pressed  into  the  seating  plane,  a 
decrease  in  leakage  will  result. 

Experience  has  shown  that,  for  functional  valves,  leakage  is  generally 
reduced  with  cycles  up  to  some  point,  holds  constant,  and  then  increases. 
This  characteristic  involves  a  combination  of  plastic  strain  of  the  sur¬ 
face  asperities  and  supporting  substrate  along  with  a  wear  process.  The 
amount  of  leakage  change  and  corresponding  cycles  is  related  to  the  sur¬ 
face  profile  and  roughness,  seating  errors,  material  properties,  and 
impact  energy. 
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Valve  seats  undergoing  plastic  flow  with  each  cycle  ("brute-force"  approach) 
generally  have  a  relatively  low  cyclic  capacity  due  to  work  hardening  of 
the  interface  material.  With  work  hardening  and  a  fixed  seat  load,  leakage 
might  be  expected  to  increase  with  cycles,  ending  in  abrupt  failure  from 
surface  fatigue.  This  is  not  to  say  such  valves  do  not  seal  well.  Indeed* 
many  industrial  valves  hold  very  low  leakage  levels  but  at  the  expense  of 
weight,  heavy  seat  loads  and  short  life. 

Other  valves  employing  liquid  metal  as  interfacial  material  have  been 
investigated  (Ref.  30)  and  found  to  be  capable  of  holding  molecular  leak¬ 
age  levels.  However,  many  severe  technological  problems  need  to  be  over¬ 
come  before  a  reliable  cyclic  capability  is  developed. 


Wear 


Because  of  the  above  complexities  and  the  difficulties  of  measuring  the 
minute  dimensions  associated  with  even  large  leakage  changes,  very  little 
factually  correlated  experimental  data  on  the  mechanism  of  valve  failures 
have  been  documented.  Consequently,  the  many  descriptions  and  hjrpotheses 
of  seating  mechanisms  and  subsequent  failure  modes  are  largely  conjectural 
(including  some  of  the  preceding  discussion).  This  leaves  little  from 
which  to  draw  any  conclusion  as  to  the  predominant  wear  process  in  seating. 

A  review  of  the  literature  has  indicated  that, while  the  laws  of  friction 
have  been  fairly  well  substantiated,  there  are  no  satisfactory  laws  for 
wear.  As  a  result,  the  design  of  equipment  considering  wear  must  be  based 
upon  direct  experimental  evidence  and  guided  by  the  documented  test  data 
of  many  researchers. 

Rabinowicz  (Ref.  14)  describes  four  basic  types  of  wear  as: 

1.  Adhesive  wear.  This  is  the  most  common  form  of  wear.  Junctions 
are  formed  between  sliding  surfaces  which  subsequently  shear  in 
either  of  the  two  metals  or  at  the  interface,  depending  upon 
relative  strengths. 
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2.  Abrasive  vear.  Surfaces  are  worn  by  the  plowing  action  of  hard 
particles . 


3.  Corrosive  wear.  Surface  films  formed  by  a  corrosive  environment 
are  worn  away  so  that  corrosion  continues. 

4.  Surface  fatigue  wear.  Hepeated  high  contact  loads  induce  surface 
and  subsurface  cracks  which  eventually  break  up  the  surface  leav¬ 
ing  relatively  large  pits. 

Wear  has  also  been  more  generally  divided  into  its  moat  predominant  forms 
by  Tabor  (Ref.  28)  as  mild  and  severe  wear.  Below  a  certain  load,  it  has 
been  observed  that  interfacial  shear  occurs  and  wear  is  small  (mild  wear); 
above  this  load,  wear  rises  catastrophically  to  values  that  may  be  many 
times  greater  (severe  wear) .  In  severe  wear,  the  loss  of  material  is 
mainly  due  to  subsurface  shearing  of  the  weaker  metal . 


When  wear  is  due  mainly  to  the  shearing  of  junctions  (i.e.,  adhesive  wear),  an 
empirical  relation  for  the  value  of  wear  per  unit  distance  of  travel  is: 


Z 
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where  (K)repreaents  the  percent  of  friction  junctions  producing  wear, 

(w)i3  the  applied  load,  and (p) is  the  hardness  of  the  wearing  surface. 
Tabulated  values  for (k) show  that  the  wear  rate  between  two  surfaces  is 
reduced  by:  (l)  use  of  hard  materials,  and  (2)  use  of  materials  with  low 
interaction,  i.e.,  unlike  materials  of  low  solubility. 

The  above  relationship  does  not,  however,  provide  any  information  about 
the  change  in  surface  texture  with  wear.  Habinowicz  (Ref.  14)  has  shown 
that,  in  some  cases,  wear  particle  sizes  can  be  predicted  on  the  basis  of 
elastic  surface  energy  and  hardness  properties.  Considerable  data  have 
been  abstracted  from  the  literature  and  combined  with  experimental  results 
in  application  of  this  theory  to  sliding  metallic  seals  (Ref.  31 ) '  While 
the  theory  has  been  correlated  for  experiments  using  soft  metals,  no  data 
are  given  for  the  various  combinations  of  harder  metals  known  to  have  the 
best  wear  characteristics. 
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Fretting .  In  many  cases,  wear  takes  place  in  various  combinations  and 
degrees.  One  of  these  which  has  received  considerable  attention  is  fret¬ 
ting,  or  more  commonly,  fretting  corrosion.  A  thorough  summary  of  fret¬ 
ting  prepared  by  Harry  Diamond  Laboratories  (fief.  32)  describes  the  test 
methods,  results,  and  conclusions  from  over  200  reports  obtained  from  the 
English  literature. 

Fretting  is  caused  by  small  oscillatory  tangential  motions  between  two 
materials.  The  process  normally  involves  relatively  large  numbers  of 
cycles,  occurs  over  a  wide  range  of  loads,  and  is  usually  accompanied  by 
a  formation  of  corrosion  products  which  are  a  function  of  material  and 
environment.  The  mechanism  of  fretting  appears  to  be  a  wear  process 
involving  adhesion  that  is  further  accelerated  by  corrosion  and  abrasive 
wear  from  the  corrosion  products.  However,  fretting  has  been  produced  in 
literally  all  material  combinations  and  various  atmospheres  (including  a 
vacuum);  therefore,  corrosion  is  not  necessarily  a  part  of  the  process. 
Fretting  corrosion  factors  (Ref.  32)  of  potential  significance  to  poppet 
and  seat  design  are  listed  below: 

1.  Load .  As  load  on  the  teat  part  is  increased  without  changing 
other  factors,  relative  slip  gradually  decreases.  Weight  loss 
(due  to  wear)  has  corresponding  increase,  reaches  a  maximum, 

and  then  decreases  to  zero  when  the  parts  are  sufficiently  loaded 
to  preclude  slip. 

2.  Slip  Amplitude .  Fretting  is  generally  recognized  to  occur  from 

—8  —2 

oscillating  motions  between  5  x  10  and  10  inches.  In  general, 
the  wear  rate  is  proportional  to  the  slip  amplitude. 

3.  Slip  Frequency  and  Duration.  While  fretting  wear  is  not  greatly 
dependent  upon  the  frequency  of  oscillations,  it  is  proportional 
to  the  total  number  of  oscillations.  Therefore,  parts  subject 
to  the  higher  frequencies  would  be  expected  to  suffer  the  great¬ 
est  wear  (assuming  constant  slip  amplitude). 

4.  Temperature .  Fretting  increases  with  lower  temperatures  with  the 
worst  condition  reported  for  steel  in  air  at  -240  F.  Fretting 
has  also  been  produced  at  -300  F.  Between  32  and  300  F,  fretting 
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was  almost  constant.  It  would  appear  that  high  surface  tempera¬ 
tures  do  not  generally  occur  due  to  fretting  (see  bibliography 
in  Hef.  52  for  specific  materials). 

5-  Atmosphere .  Oxidation  is  an  important  consideration  in  determin¬ 
ing  the  amount  of  damage;  hence,  the  presence  of  oxygen  and  water 
vapor  affect  the  rate  of  fretting.  For  ferrous  materials,  it  is 
essentially  the  controlling  factor  in  the  damage  process. 
Increases  in  wear  of  from  5  to  10  times  have  been  observed  for 
changes  in  atmosphere  from  nitrogen  to  air.  However,  tests  made 
in  a  vacuum  indicate  that  even  though  oxidation  is  suppressed, 
damage  may  be  increased.  Tests  in  a  helium  atmosphere  indicate 
damage  is  caused  almost  entirely  by  metal  transfer. 

Materials .  In  general,  softer  materials  fret  more  than  hard 
materials.  Metals  which  form  hard,  abrasive  oxides  (such  as 
aluminum,  chromium,  and  tin)  are  particularly  susceptible. 
Aluminum  and  stainless  steel  form  hard  oxide  debris  (AI^O^  and 
Cr^O^),  and  also  very  rapidly  oxidize  and  absorb  oxygen  upon 
exposure  to  fresh  air.  Stainless  steel  is  reported  as  being  the 
most  susceptible  of  all  materials  to  fretting.  (While  literally 
all  materials  fret  to  some  degree,  even  with  lubrication,  it 
would  appear  that  the  extent  must  be  determined  for  a  specific 
application,  choosing  materials  most  suitable.) 

7.  Surface  Roughness.  In  general,  the  finer  the  surface  the  more 
susceptible  to  fretting  wear.  No  data  have  been  reported  on 
terminal  surface  roughnesses  produced  by  fretting. 

In  the  case  of  curved  contact  surfaces  such  as  bearings,  it  has  been 
shown  that  fretting  can  result  from  small  tangential  loads,  even  though 
there  is  no  gross  slipping  (Ref.  24,  33,  34  and  35)-  Because  of  the 
elliptical  pressure  distribution  under  normal  load  between  curved  sur¬ 
faces,  a  small  annular  area  at  the  edge  of  contact  exists  in  which  any 
externally  applied  tangential  force  must  exceed  the  frictional  restrain¬ 
ing  force.  This  is  caused  by  the  elastic  lateral  deformation  in  the 
higher  loaded  central  area  of  the  contact  which  governs  the  total  motion 
between  the  contacting  parts.  Thus,  as  the  contact  pressure  diminishes 
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to  zero  toward  the  contact  edge,  a  point  is  reached  where  the  frictional 
force  from  local  normal  load  is  exceeded  by  the  tractive  force.  Tractive 
forces  between  curved  surfaces  can  be  applied  externally  as  a  straight 
tangential  load  or  couple. 

Another  more  subtle  source  of  interfacial  tractive  forces  occurs  when 
materials  are  pressed  together  which  do  not  deform  laterally  in  like 
fashion  due  to  either  unlike  configuration  or  different  elastic  proper¬ 
ties  (shear  modulus  and  Poisson's  ratio).  Goodman  (Ref.  36)  has  described 
analytically  the  second  case  occurring  between  normally  loaded,  perfectly 
rough  spheres. 

EJven  when  like  materials  were  used  in  cyclic  normal  loading  between 
spheres,  fretting  has  been  observed  (Ref.  33 )•  However,  this  was  attrib¬ 
uted  to  the  likely  possibility  that  the  vibration  within  the  cycling 
apparatus  caused  small  tangential  forces  to  be  applied  to  the  contact  area 


Contamination 


For  the  moat  part,  the  stringent  weight  and  performance  requirements  for 
rocket  engine  control  valves  has  precluded  the  brute  force  approach  to 
seating.  The  survey  of  numerous  valve  designs  in  the  initial  program 
effort  (Ref.  37)  and  other  component  development  and  teat  programs 
(Ref.  38,  39  and  66)  has  shown  the  need  for  hard  poppets  and  seats  with 
light  seat  loads  and  close  guidance  of  moving  members .  The  consequence 
is  a  requirement  for  finer  surfaces,  narrower  seat  lands  with  an  attend¬ 
ant  increased  sensitivity  to  contamination. 

Reference  41  presents  a  comprehensive  summary  of  contamination,  its  nature 
externally  viewed  effects  (sticking  poppets,  leaJtage,  etc.),  cleaning  and 
control  methods,  and  considerations  in  design.  Review  of  this  and  other 
literature  will  show  that  little  has  been  accomplished  in  quantitatively 
defining  either  the  source/volume  of  contaminants  or  their  effect  on 
valve  seating.  Consequently,  filtration  and  cleaning  requirements  are 
based  upon  generalization  of  contamination  sensitivity  and  availability 
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of  coinmercial  products  rather  than  detailed  knovledge  of  the  real  prob¬ 
lem.  This  is  manifest  in  numerous  failure  reports  citing  contamination 
as  the  cause  of  malfunction. 


SmiFACE^FINISHING  METHODS 

Surface-finishing  methods  capable  of  generating  surface  quality  and  pre¬ 
cision  applicable  to  rocket  engine  control  valve  seating  are  turning, 
grinding,  lapping,  and  polishing.  While  turning  and  grinding  may  not 
generally  be  associated  with  the  very  smooth  surfaces,  roughness  as  low 
as  2-microinch  AA  for  turning,  and  1— microinch  AA  for  grinding  is 
possible  (Ref  .  1  )  . 

A  survey  of  the  literature  indicates  that  little  information  relating  a 
specific  finishing  operation  with  the  resultant  surface  texture  has  been 
published.  This  is  particularly  true  for  surfaces  commensurate  with  pre¬ 
cision  valve  sealing,  i.e.,  less  than  l6-microinch  AA.  It  is  suspected 
that  considerable  unpublished  information  exists  but  is  not  disseminated 
for  proprietary  (competitive)  reasons. 

Most  researchers  consider  the  noted  operations  from  a  production  basis 
and  are  concerned  with  the  economical  removal  of  metal.  However,  the 
literature  does  document  operation  fundamentals,  theories  of  the  metal 
cutting  mechanism  and  some  process  effects  on  the  workpiece  and  general 
surface  texture-metal  removal  relationships. 


Turning 

To  produce  a  precision-turned  surface  the  machine  tool  must  be  in  excel¬ 
lent  condition.  However,  even  the  beat  conventional  machines  are  inade¬ 
quate  for  some  purposes.  The  duPont  Company,  for  instance,  has  applied 
the  hydrostatic  gas-lubricated  bearing  principle  to  several  machine  tool 
One,  with  a  design  target  of  producing  4-inch-diameter  hemispheres  true 
within  ±25  microinches  has  turned  aluminum  parts  of  this  type  round 
within  approximately  l^nicroinch  with  a  2— microinch  rms  roughness  (Ref. 


other  considerations  regarding  the  turned  surface  are: 


1.  In  general,  the  higher  the  cutting  speed,  the  smaller  the  rough¬ 
ness  (Re  f .  43 ) . 

2.  Lapped  cutting  tools  have  a  sharper,  more  uniform  cutting  edge 
(Ref,  44),  (it  follows  that  improved  surface  roughness  results.) 

3.  For  a  given  cutting  condition,  improved  surface  roughness  will 
result  with  successive  changes  from  high-speed  steel,  to  carbide 
to  ceramic  and  diamond  tools  (Ref,  45). 

4.  The  conglomerate  of  welded  chip  particles  forming  on  the  cutting 
tool  face  called  "hue"  (built-up  edge)  is  detrimental  to  surface 
texture.  Increased  cutting  speeds  reduce  this  formation  and  its 
detrimental  effect  (Ref.  45  and  46). 

5.  Surface  temperature  at  the  tool  tip  is  quite  high  with  observed 
values  greater  than  500  F  and  increases  with  cutting  speed. 

Tool  wear  and  surface  texture  deterioration  are  accelerated  with 
temperature  increases  (Ref.  47,  48,  and  49).  (This  implies  that 
workpiece  surface  metallurgical  transformations  are  likely.) 


Grinding 

In  the  grinding  process,  metal  is  removed  in  chip  form  although  very  brit¬ 
tle  materials  may  disintegrate  into  dust  particles.  Three  distinct  actions 
are  involved;  (l)  rubbing,  where  some  abrasive  grains  do  little  more  than 
elastically  deform  the  surface,  (2)  plowing,  when  there  is  insufficient 
interference  between  grain  and  work,  and  the  metal  is  simply  plastics  iiy 
pushed  aside,  and  (3)  cutting  or  chip  removal  (Ref.  50  and  51 )■ 

Grinding  as  a  mechanical  process  is  almost  unique  in  the  creation  of  very 
high  interface  temperatures.  The  heat,  however,  is  conducted  more  quickly 
into  the  workpiece  than  through  the  interface  between  the  work  and  grind 
ing  fluid.  Thus,  all  the  fluid  can  do  is  remove  the  heat  from  the  work- 
piece  after  it  has  produced  whatever  change  it  can  induce.  While  plastic 
deformation  produces  residual  compressive  stresses,  the  heating  action 
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results  in  tensile  stresses.  Furthermore,  hard  metals  may  be  tempered 
to  a  lesser  hardness  or  increased  hardness  may  be  caused  by  transforma¬ 
tion  of  austenite  to  martensite  or  by  cold-working  the  austenite.  Thus, 
the  properties  of  the  metal  surface  may  be  radically  different  from  the 
unaffected  substrata.  The  temperature  present  during  the  cutting  action 
cannot  be  deduced  from  the  spark  stresun  or  surface  discolorations.  Since 
wheel  trailing  edge  cutting  may  remove  oxides,  the  absence  of  an  oxide 
film  does  not  necessarily  mean  that  excessive  temperatures  were  not 
generated  (Ref.  50). 

The  two  principal  ingredients  of  a  grinding  wheel  are  the  abrasive  grains 
and  the  bond  which  holds  them  together.  The  three  abrasive  grains  most 
commonly  used  are  aluminum  oxide,  silicon  carbide,  and  diamond,  which  are 
available  in  several  varieties  differing  primarily  in  friability,  a  meas¬ 
ure  of  fracturing  ease  to  provide  new  cutting  elements.  Wheel  bonds 
employed  are  vitrified  clay  (most  commonly  used),  organic  materials,  and 
metal  (Ref.  50) .  From  the  recommended  uses  and  applications  (Ref.  43), 
it  would  appear  that,  for  hard  valve  sealing  surfaces,  a  soft  organic 
bond  such  as  shellac  with  diamond  grit  (minimal  wear,  hence,  consistent 
cutting)  might  provide  an  optimum  cutting  combination.  However,  no  ref¬ 
erences  were  noted  relating  grinding  process  and  specific  wheel  to  the 
roughness  produced. 


Lapping 

Lapping  is  an  abrasion  process  used  to  establish  size,  geometry,  or  fine 
texture  at  extremely  small  tolerance  levels.  In  the  production  flat  lap¬ 
ping  operation,  surface  roughness  of  2—  to  3-niicroinch  AA  is  usually 
achieved  using  close-grained  cast-iron  laps.  While  it  is  commonly 
believed  that  the  lap  should  be  softer  than  the  workpiece,  production 
lapping  of  soft  steels  and  nonferrous  metals  such  as  aluminum  and  copper 
with  cast-iron  laps  is  successfully  accomplished  (Ref,  44). 

The  soft-lap  philosophy  presumes  the  lapping  action  is  performed  by 
embedded  abrasive.  However,  some  question  as  to  the  exact  cutting  mecha¬ 
nism  exists.  Hawxhurst  (Ref.  44)  indicates  that  the  amount  of  embedded 


abrasive  is  negligible,  does  little  cutting,  and  is  removed  by  subsequent 
cleaning.  This  theory  suggests  the  lapping  action  to  be  one  of  occasional 
cutting  by  rolling  or  suspended  abrasive  particles. 

In  another  experiment  (Ref.  5^  the  amount  of  abrasive  embedded  in  the 
lapped  workpiece  was  measured  by  radiation  techniques.  It  was  found,  for 
example,  that  tool  steel  lapped  with  11-  to  28-micron  silicon  carbide 
having  a  vehicle-to-abrasive  ratio  of  18:1  on  a  cast-iron  plate  and  fol¬ 
lowing  a  3-niiiiute  scrub  under  running  water,  retained  approximately 
24,000  abrasive  particles/sq  in.  Although  not  measured,  it  was  concluded 
that  the  cast-iron  lap  employed  had  also  retained  a  significant  amount  of 
abrasive . 

True  chips  are  formed  in  the  lapping  process  until  the  abrasive  particle 
size  approaches  the  8-micron  dimension.  With  smaller  sizes,  it  is 
believed  that  the  process  is  limited  to  plastic  deformation  without  chip 
formation  (Ref.  53  )•  However,  recent  experiments  (Ref,  54  and  55  )  sug¬ 
gest  a  mechanism  for  cutting  at  this  level. 

The  most  commonly  used  abrasives  are  manufactured  silicon  carbide  and 
aluminum  oxide  which  are  preferred  over  natural  abrasives  since  they  have 
low  impurity  level  and  exhibit  definite  hardness,  toughness,  and  friabil¬ 
ity  properties.  Aluminum  oxide,  for  instance,  is  available  in  as  many  as 
five  types  varying  in  the  noted  properties.  Other  natural  abrasives  pre¬ 
dominantly  used  are  corundum,  emery,  and  garnet  (Ref.  43). 

In  the  lapping  process,  the  abrasive  is  suspended  in  a  carrying  agent  or 
vehicle  which  is  designed  to  suspend  the  abrasive  particles,  cool  the 
working  surfaces,  float  or  lubricate  the  workpiece,  and  carry  off  spent 
abrasive  and  chips  produced  by  the  operation.  The  vehicle  is  generally 
a  petroleum  base  of  low  viscosity  with  additives  which  increase  body, 
strength,  and  cohesion  to  keep  the  abrasive  in  suspension.  Water-soluble 
vehicles  are  also  used  (Ref.  44). 

Abrasive  size  grading  is  based  on  National  Bureau  of  Standards  criteria 
and  specified  by  a  number  which  represents  the  approximate  number  of  open¬ 
ings  per  linear  inch  in  the  screen  or  mesh  used  for  grading.  Grades 
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smaller  than  400-mesh  size  are  specified  in  micron  ranges  (Ref.  44). 

(An  elutriation  process  is  used  for  smaller  size  grading  where  mesh 
straining  or  sieving  is  impractical.  Diamond  compound,  for  instance,  is 
available  in  the  0-  to  0.1-micron  range.  Shape  grading  is  apparently  a 
function  of  industry  competition.)  An  indication  of  potential  surface 
roughness  and  the  relationship  of  grain  size  and  grade  for  diamond  abra¬ 
sive  is  shown  below  (Ref.  56  ): 


Grade 

No. 

Grain  Size, 
micron 

Grit  Size 
Mesh, 

equivalent 

Microinch  AA 

Metal  Lap 

Soft  Lap 

(For  fast  stock  removal) 

60 

35  to  85 

230 

20  to  25 

3  to  4 

45 

30  to  60 

325 

10  to  15 

2  to  3 

30 

20  to  40 

600 

6  to  8 

1  to  1.5 

(General  purpose) 

15 

8  to  22 

1,200 

4  to  5 

0.5  to  0.75 

9 

6  to  12 

2,  000 

3  to  4 

0.5 

6 

4  to  8 

3,000 

3 

0.4 

(Finest  select  work) 

3 

1  to  5 

8,  000 

2 

0.2 

1 

0  to  2 

14,500 

1 

0.0+ 

1/2 

0  to  1 

50, 000 

0.5 

0.00 

Polishing 

It  is  common  practice  to  brighten  metal  surfaces  by  rubbing  them  against 
a  series  of  successively  finer  abrasives,  generally  by  machine  operations. 
The  resultant  surface,  however,  depends  largely  upon  the  way  the  abrasive 
is  used.  If  the  abrasive  is  firmly  bonded  to  a  cloth,  paper,  or  similar 
backing,  a  surface  containing  obvious  scratches  which  diffuse  light,  caus¬ 
ing  a  somewhat  dull  appearance,  is  generally  produced;  this  is  considered 
an  abraded  surface.  If,  however,  the  same  abrasive  is  used  as  an  unbonded 
slurry  on  a  soft  cloth  pad,  it  may  produce  a  bright  mirrorlike  appearance  on 
the  polished  surface  (Ref,  54  and  55  )• 
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The  nature  of  the  polished  surface  and  the  mechanism  of  producing  it  is 
still  subject  to  discussion.  Beilby  postulated  that  material  was  smeared 
over  the  surface  to  fill  in  the  pre-existing  irregularities,  leaving  a 
surface  covered  with  an  amorphous-like  layer.  This  Beilby  layer  theory 
has  for  some  time  been  the  accepted  mechanism  of  polishing.  Bovden  and 
Hughes  refined  the  theory  by  proposing  a  thermally  activated  process 
where  asperities  are  locally  melted  and  deposited  in  adjacent  depressions, 
thus  gradually  filling  them  and  leveling  the  surface. 

Samuels  (Ref.  and  55)  reporting  these  developments,  however,  sug¬ 
gests  that  new  evidence  indicates  polishing  is  primarily  a  cutting  mecha¬ 
nism.  This  theory  considers  plastic  shearing  of  surface  layers,  gradually 
cutting  away  the  irregularities,  and  replacing  them  by  a  set  of  much  finer 
ones.  The  resultant  surface  is  compression-plastical ly  deformed  and  fully 
crystalline;  a  Beilby  layer  is  not  formed. 

It  should  be  noted  that,  while  polishing  with  soft-cloth  pads  can  improve 
a  metal  surface,  unlike  lapping  on  a  precision  flat  surface,  it  will  not 
correct  errors  of  form. 
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LEAKAGE  FLOW  ANALYSIS 


DEFINING  PARAMETEBS 

In  considering  the  leakage  and  flow  across  a  valve  seat,  a  number  of 
equations  must  be  taken  into  account.  These  range  from  the  nozzle  equa¬ 
tion  which  generally  applies  to  the  wide  open  valve  to  the  viscous  and 
molecular  flow  equations  applicable  under  seated  conditions.  The  equa¬ 
tions  derived  in  this  section  are  presented  for  compressible  and  noncom- 
pressible  fluids  for  flowthrough  parallel  plates.  The  equations  are 
equally  applicable  to  flat,  conical,  and  spherical  valve  configurations 
because  the  near  and  on-seated  passage  configurations  approximate  the 
parallel  plate  model.  Because  of  the  importance  of  the  laminar  flow 
regime,  the  special  case  of  taper  in  the  direction  of  flow  is  also 
considered , 

A  specific  example  of  nitrogen  flow  through  a  model  valve  seat  is  presented 
which  shows  how  each  flow  regime  blends  into  the  next  to  build  the  overall 
flow-leakage  characteristic  curve.  As  the  flow  regime  boundries  are  not 
sharply  defined,  the  example  additionally  illustrates  the  range  over  which 
the  various  equations  may  be  applied. 


Nozzle  Flow 


The  compressible  and  incompressible  flow  equations  derive  from  the  basic 
Euler  momentum  relationship.  The  Euler  equation  gives  the  following  re¬ 
lationship  between  velocity,  pressure,  and  density:* 


constant 


*See  pages  6l  and  62  for  nomenclature. 
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For  the  incompressible  consideration,  density  (p)  is  constant,  and  the 
resultant  relationship  is  known  as  the  Bernoulli  equation.  If  the  inlet 
velocity  is  neglected,  the  following  equation  evolves  for  flow  of  an  in¬ 
compressible  fluid  through  a  nozzle: 


CO  = 


g  0 


This  equation  requires  a  discharge  coefficient  (c)  to  correct  the  ideal 
frictionless  flow  to  the  actual  case.  The  discharge  coefficient  is  a 
function  of  the  specific  configuration  being  considered,  therefore,  it  is 
derived  from  emperical  data. 


For  the  specific  application  of  this  equation  to  a  valve  configuration, 
area  (A)  is  the  minimum  flow  opening  expressed  as  a  function  of  the  stroke 
height  (h  )  and  the  minimum  seat  perimeter.  This  substitution  can  be  made 
in  the  nozzle  and  the  turbulent  channel  equations.  For  circular  valve 
seats  where  the  radial  land  width  (l)  is  small  with  respect  to  the  ID,  it 
is  convenient  to  assume  a  mean  seat  perimeter  W  =  TT  D  ,  where  (D  )  is  the 

5  S 

mean  seat  diameter. 


With  compressible  flow,  the  density  is  not  constant  and  therefore  the 
integral  of  dP/p  must  be  evaluated  for  specific  assumptions.  For  an  adia¬ 
batic,  frictionless  process  considering  a  perfect  gas,  the  following  equa¬ 
tion  is  derived: 


As  in  the  case  of  the  incompressible  flow,  a  discharge  coefficient  is 
required  to  account  for  the  irreversibility  of  flow.  The  above  equation 
further  assumes  that  choked  or  sonic  flow  exists  across  the  nozzle. 


In  practice,  leakage  is  most  often  expressed  in  terms  of  a  volumetric 
flow.  For  compressible  fluids,  where  density  is  a  variable  function  of 
pressure  and  temperature,  standard  conditions  (P  ,T  ,p  )  must  be  defined, 

B  S  S 

The  conversion  relationship  for  all  fluids  is  : 


Q  = 


s 


Therefore,  for  both  incompressible  and  compressible  flow  at  standard 
conditions,  the  weight  and  volumetric  flows  differ  by  a  constant. 


The  nozzle  equations  can  be  applied  to  a  poppet  valve  configuration 
(similar  to  an  orifice)  from  the  wide  open  condition  to  the  near-seated 
position.  When  the  valve  closure  height  has  decreased  to  the  position 
where  wall  friction  at  the  seating  surface  (and  thus  land  length)  is 
significant,  the  nozzle  regime  terminates  and  turbulent  channel  flow 
commences.  There  is  no  precise  point  at  which  nozzle  flow  terminates, 
the  transition  being  a  complex  function  of  the  particixlar  channel  geometry 
and  Reynolds  number.  However,  in  general,  if  the  length  to  height  ratio 
is  10  or  greater,  cheinnel  flow  is  imminent. 


Turbulent  Ch^tnnel  Flow 


In  this  flow  regime,  the  same  basic  continuity  and  momentum  considerations 
hold  with  the  addition  of  a  term  for  the  effects  of  friction.  In  the  case 
of  an  incompressible  fluid,  the  basic  Bernoulli  equation  is  modified  to 
the  form 


A  P= 


fL  oV^ 

D  2g 


where  flow  is  defined  by  continuity  as 


OJ  =  p  A  V 
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The  first  equation  expresses  differential  pressure  as  a  function  of 
friction  factor  (f)  and  velocity  (v).  The  friction  factor  is  related 
to  velocity  through  emperical  parametric  curves  of  friction  vs  Reynolds 
number  and  wall  roughness  (Moody  diagram  Ref.  57)-  The  solution  to 
these  equations  is  by  trial  and  error. 


The  equations  for  flow  in  the  turbulent  channel  regime  were  developed 
for  flow-through  circular  tubes.  To  apply  the  equations  to  other 
channel  configurations,  the  tube  diameter  in  these  equations  must  be 
expressed  in  terms  of  hydraulic  diameter  (d).  Hydreiulic  diameter  is 
defined  as  four  times  the  ratio  of  the  cross-sectional  area  to  the  wetted 
perimeter.  For  parallel  plates,  the  hydraulic  diameter  is  equal  to  twice 
the  plate  spacing  (2h^). 


The  equations  used  to  compute  compressible  fluid  flow  in  this  regime 
are  obtained  from  Shapiro  (Ref.  58).  They  assume  an  adiabatic  constant- 
area  flow  and  include  the  effects  of  internal  fluid  and  wall  friction 
and  fluid  momentum.  To  compute  the  weight  flowrate,  two  equations  are 
required.  The  first  is  a  relationship  between  entrance  mach  number  (m) 
and  friction  factor  (f)  for  the  condition  of  choked  flow  at  the  exit  of 
the  valve  seat  channel  (M=1) 


fL  _  1-M^  k+1  .  (k+l) 

As  in  the  incompressible  case,  the  solution  of  this  equation  is  by  trial 
and  error.  Shapiro's  text  gives  considerable  assistance  in  the  solution 
of  this  equation  by  tabulating  fL/D  vs  Mach  number,  thus  permitting 
interpolation  of  desired  information.  For  the  subsonic  solution, 
reference  is  made  to  Shapiro's  text. 

Once  the  entrance  Mach  number  and  density  are  determined,  they  are  used 
in  the  continuity  equation  to  compute  the  weight  flowrate  based  on  the 
inlet  conditions 


The  equations  in  this  section  are  confined  to  the  turbulent  flow  regime, 
i.e.,  Reynold  numbers  greater  than  2000,  However,  these  equations  can 
he  extended  into  the  initial  portion  of  the  laminar  flow  regime  where 
fluid  momentum  is  still  an  important  consideration.  In  this  case,  the 
friction  factor  is  a  linear  function  of  Reynolds  number  and  is  given 
for  the  parallel  plate  consideration  as 

f  =  96/Re  and  Re  >  500 


The  defining  equation  for  Reynolds  number  is: 


Re 


VDp 


As  before,  (d)  refers  to  the  hydraulic  diameter  for  other  than  round  con¬ 
figurations.  For  the  parallel  plate  consideration  of  a  circular  valve 
seat,  this  equation  may  be  reduced  to: 


Re 


201 

Wpg 


Laminar  Flow 


The  analysis  of  fluid  flow  in  this  regime  assumes  that  the  temperature 
is  constant  (isothermal),  that  the  fluid  momentum  effects  are  negligible, 
and  that  viscous  shear  forces  govern  the  flow,  i.e.,  Reynolds  number  less 
than  500.  These  assumptions  result  in  the  Poiseuille  equation  for  flow 
through  stationary  flat  plates  (Ref.  59): 

sp  12  /I  V 

dP  _  ^  average 

■  dX  "  ^2 

h 


By  using  the  continuity  equation,  the  relationship  is  reduced  to  express 
the  viscous  flow  through  flat  plates! 


Ui 


P  ¥h/  (P,  -  P^) 
12/1  L 
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For  a  compressible  gas,  thermal  effects  are  present;  however,  the  assump¬ 
tion  of  isothermal  condition  can  he  made  because  of  the  small  channel 
thickness  and  low  velocity.  The  compressible  version  of  the  Poiseuille 
equation  is  obtained  by  assuming  an  average  density  across  the  seat  land 
and  a  perfect  gas;  therefore, 

W1.7  (Pi'  -  p/) 

OJ  =  — ^ - 

2kn  LET 


This  sane  basic  relationship  can  be  derived  for  flow  between  circular 
flat  plates.  This  equation  contains  the  natural  log  of  the  radius  ratio 
which  accounts  for  radial  divergence  of  the  flow  and  is  as  follows: 


03 


12m 

1 


Normally,  this  divergence  can  be  neglected  as 
unity . 


the  E  /e  ratio  is  close  to 
0  i 


For  the  special  case  where  convergent  or  divergent  taper  exists  between 
seating  surfaces,  the  equivalent  parallel  plate  separation  becomes 


h 

e 


(h^  +  h  f 

_2 _ El 

+  2h 

P 


where  (h  )  is  the  separation  at  the  narrow  end  of  the  land  (l)  and 
(^0  +  h  )  the  separation  at  the  wide  end.  Thus,  for  h  =  0,  h  ^  =  h 

/  ^  6  p 

(See  Seating  Analysis  section  for  further  discussion  and  data  on  taper 
flow.  ) 
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Transition  and  Molecular  Flov 


The  determination  of  molecular  flow  involves  the  application  of  the 
kinetic  theory  of  gases.  A  flow  equation  derived  (Ref.  60 )  for  the 
molecular  regime  is  as  follows 


Q 


4 

3 


V 

a 


This  equation  relates  the  flow  (Q)  to  the  mean  molecular  speed  (v  ) , 

A 

differential  pressure  ,  and  geometry  where  (h)  is  the  channel 

perimeter.  When  this  basic  relationship  is  applied  to  parallel  planes, 
the  equation  has  the  form: 


There  exists  a  transition  region  where  both  molecular  and  laminar 
(viscous)  flow  effects  are  operating.  The  limits  of  these  regions  are 
approximately  defined  by  the  ratio  of  mean  free  path  of  the  molecule 
(X)  to  the  characteristic  dimension  of  the  channel  (l^p)  "when: 

XVh  ^  0.01,  flow  is  viscous 
P 

X  /h^  is  0.01  to  1.0,  transitional  flow  exists 

X"^/h  >  1.0,  flow  is  molecular 

P 

From  kinetic  theory  of  gases,  the  mean  free  path  of  gas  molecules  is 
given  as 
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vhere  6  is  a  constant.  At  atmospheric  pressure  and  70  the  computed 
value  of  6  is  nearly  constant  (~1.8)  for  nitrogen,  helium,  argon,  and 
hydrogen  gases.  Assuming  at  high  pressures  that  Pis  the  mean  channel 
pressure,  the  average  mean  free  path  reduces  to: 

X 


The  separation  at  midtransition  flow  may  be  found  by  equating  the  mole¬ 
cular  and  laminar  flow  equations  and  is  given  by: 


h  = 
P 


^5.5MA/^Tg 
1  2 


The  corresponding  ratio  of  ^^/hp  is  0.14.  A  modified  equation  proposed 
for  flow  in  the  transition  region  is: 


O)  =  U)  .  +€40 

total  viscous  molecular 


The  molecular  flow  factor  (c)  is  generally  close  to  unity.  It  takes  into 
consideration  such  items  as  the  difference  in  gases  and  physical  properties 
of  the  passage  walls.  For  simplicity  and  in  lieu  of  explicit  test  data, 

(e)  has  been  assumed  as  unity. 

Throughout  the  entire  range  of  laminar  and  molecular  flow,  the  flowrate 
computed  from  each  of  the  specific  equations  will  predominate  in  its 
applicable  regime  of  flow.  Thus,  the  summation  equation  above  may  be 
used  without  regard  to  regime  boundary  since  the  flow  computed  for  the 
regime  outside  of  its  range  will  be  negligible  (see  Sample  Computation). 


STATIC  PRESSURE  DISTRIBUTIONS 


Static  pressure  distribution  across  a  valve  seat  is  of  interest  to  the 
valve  designer  in  determining  the  forces  associated  with  a  particular 
configuration.  These  forces  determine  such  external  performance  param¬ 
eters  as  cracking  and  reseat  in  relief  valves  or  influence  stability  in 
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the  case  of  regulators.  The  theoretical  aspects  of  pressure  distribution 
for  the  various  flov  regimes  are  discussed  in  the  subsequent  paragraphs. 


Nozzle  Flovf  Regime 

There  has  been  a  considerable  amount  of  analytical  vork  conducted  on 
converging  nozzles,  particularly  for  compressible  flov.  However,  the 
particular  model  under  investigation  has  essentially  consteint  cross 
section  along  the  flow  path;  therefore  the  model  is  analogous  to  a  short- 
tube  orifice.  The  pressure  profile  along  this  orifice  configuration  is 
similar  to  the  converging  nozzle  because  the  flow  separates  from  the 
walls  after  entering  the  seating  separation  and  exits  with  the  stream 
contracted  (vena  contracta) .  Unfortunately,  this  analysis  is  basically 
qualitative,  and  the  determination  of  the  pressure  profile  in  this  con¬ 
figuration  must  be  determined  experimentally. 


Turbulent  Channel  Flow  Regime 

For  the  incompressible  fluid,  the  pressure  drop  is  a  direct  function  of 
the  length  of  the  path;  therefore,  the  pressure  profile  is  a  straight 
line  across  the  seat  land.  This  results  in  an  effective  seat  diameter 
location  at  the  land  midpoint. 

The  pressure  distribution  for  the  compressible  gas  consideration  is  some¬ 
what  more  complex.  Shapiro’s  equation  discussed  previously  is  based  upon 
sonic  exit  velocity  and  that  the  corresponding  length  computed  is  for  a 
specific  inlet  velocity.  By  assuming  various  channel  lengths  and  comput¬ 
ing  the  inlet  conditions,  the  pressure  profile  can  be  determined  for  the 
complete  channel.  In  general,  the  pressure  profile  along  the  channel 
approximates  a  straight  line  for  the  higher  Reynolds  numbers.  However, 
as  the  valve  model  closes  (corresponding  to  a  decrease  in  h^  and  Reynolds 
number),  the  pressure  profile  progressively  approaches  the  parabolic  shape 
found  in  the  laminar  flow  regime. 
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Laminar  Flov  Regime 


Unlike  the  analysis  of  pressure  distribution  in  the  nozzle  and  turbulent 
channel  regimes,  the  laminar  consideration  is  straightforward.  A  general 
equation  for  pressure  profile  may  be  derived  from  the  laminar  flow  equa¬ 
tion.  For  parallel  and  tapered  plates,  the  pressure  at  any  point  across 
the  seat  land  is: 


For  incompressible  flow,  n  =  1;  for  compressible  flow,  n  =  2.  Equations 
for  are : 

1.  Parallel  Plates 


2. 


3. 


The  profile  described  by  the  parallel  plate  equation  is  linear  for  incom¬ 
pressible  flow  and  parabolic  for  compressible  flow.  Seat  land  taper 
causes  the  profile  to  be  biased  in  the  direction  of  the  narrow  opening 
as  shown  on  the  following  page. 


Convergent  Plates 


Divergent  Plates 


Integration  of  the  parallel  plate  profile  equation  for  average  pressure 
gives  the  following  for  incompressible  flow: 


for  compressible  flov: 


For  high-pressure  valves  leaking  to  atmosphere,  (P2^  neglected, 

thus  the  average  pressure  reduces  to: 

and  P  ^  Pi 
c  3  1 
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It  follows  that  for  (l)  small  relative  to  the  ID,  the  effective  seat  dia¬ 
meter  for  laminar  flow  compressible  media  is  located  at  2/3  the  distance 
across  the  seat  land  and  the  effective  diameter  is  given  by: 

D  =  D  +  -7  L 
e  s  3 

t 

For  most  valve  seats,  the  land  is  relatively  narrow  and  the  ID  circumfer¬ 
ence  is  very  nearly  equal  to  the  OD  circumference.  Thus,  the  effect  of 
radially  spreading  flow  (divergence)  may  be  neglected  and  the  above  equa¬ 
tions  are  applicable.  VvTien  the  seat  land  width  becomes  sufficiently 
large  with  respect  to  the  ID,  radial  divergence  must  be  considered.  * 

Hence,  for  parallel  plates:  * 

0' 

(R  =  R.  +  x) 

'1  H* 


iS 


I" 

1 

R 


The  effect  of  radial  divergence  is  to  straighten  out  the  parabolic  curve 
and,  for  the  extreme  case,  reverse  the  curve  so  that  the  effective  dia¬ 
meter  is  less  than  the  land  midpoint. 

Detail  consideration  was  not  given  to  the  transition  and  molecular  pres¬ 
sure  distributions  because  these  flow  regimes  almost  always  occur  under 
highly  stressed  seating  conditions;  therefore,  the  force  resulting 
from  small  differences  in  the  effective  seat  area  is  negligible  relative 
to  the  total  seat  force. 


SAMPLE  COMPUTATION 

To  illustrate  how  the  previously  developed  flow  equations  are  used,  the 
following  sample  computation  is  presented.  The  seat  model  selected  is 
the  1-inch  configuration  used  in  the  off-seat  leakage  tests.  A  cross 
section  of  this  seat  configuration  is  shown  in  Fig.  8.  Flow  is  from  the 
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inside  (ID)  to  the  outside  (OD)  of  the  0.060-inch  flat  seat  land.  Leak¬ 
age  has  been  computed  for  nitrogen  gas  at  a  100-psig  inlet  pressure,  a 
70  F  inlet  gas  temperature,  and  a  14.7-psia  outlet  pressure. 


Figure  9  presents  the  leakage  spectrum  for  the  sample  computation.  The 
various  flov  regimes,  i.e.,  nozzle,  turbulent  channel,  laminar,  transi¬ 
tional,  and  molecular  are  identified  on  the  curve.  Also,  the  limits  of 
each  regime  are  shown.  A  range  of  theoretical  parametric  data  has  been 
computed  for  various  pressures  and  gases  and  is  presented  with  the  test 
data  in  the  Experimental  Test  Program  section . 

The  following  parameters  are  known  values  for  this  seat  configuration  and 
are  used  in  the  flow  equations  to  compute  the  noted  leakage  characteristics. 


Discharge  coefficient 

Gravitational  acceleration 
constant 

Specific  heat  ratio 
Channel  length  or  land  width 
Inlet  pressure 
Discharge  pressure 
Gas  constant 
Absolute  temperature 
Channel  perimeter  (tT  D  ) 
Absolute  viscosity 


C  =  0.95 

g  =  1.39  X  10^  in./min^ 
k  =  1.4 

L  =  0.060  inch 

=  114.7  psia 

Pg  =  Pg  =  14.7  psia 

R  =  663  in./R 

T,  =  T  =  530  R 
±  s 

W  =  2.95  inches 
^  =  4.40  X  10  Ib-min/in.^ 


fi 

V 

fit 


Nozzle  Flow 

For  a  compressible  fluid  flowing 
used : 


sonically  the  following  equation  is 
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Figure  9»  Theoretical  Nitrogen  Flow  Through  the 
Valve  Model  Shown  in  Fig.  8. 
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Using  the  assumptions  and  data  outlined: 

Q  =  1.045  X  10^  h 

P 

The  orifice  flow  ceases,  and  turbulent  channel  flow  commences  at  a  height 

•Z 

(h  )  of  approximately  6  x  lO'^  microinches  (Fig.  9).  The  land  width  is 
0.060  inch  giving  an  L/h  ratio  of  10  for  the  break  point. 


Turbulent  Channel  Flow 


Flow  in  this  regime  is  defined  by  a  curve  on  log-log  paper;  therefore, 
a  sample  calculation  of  one  point  will  illustrate  the  method  used.  Leak¬ 
age  is  computed  for  a  stroke  height  (lip)  “T  0.001  inch  in  the  following 
steps : 


1.  Hydraulic  diameter,  D  =  26^  =  0.002  inch 

2.  A  friction  coefficient  (f)  is  estimated  at  0.040.  This  is  the 
starting  point  for  the  trial  and  error  solution;  (f)  will  be 
verified  at  the  conclusion  of  this  computation. 


3. 

4. 


fL 


Compute  fL/D  =  =  1.20 

P 

Using  Table  B-4,  Ref.  58  and  the  equation 


It 

D 


kM 


+ 


k+1 

2k 


Un 


(k+l) 

2  (1  +  M^) 


yields  entrance  Mach  number  (M^^)  =  0.49» 

Assuming  an  isentropic  entrance  condition,  entrance  static  lore- 
sure  (P]^)  can  be  computed  from  the  following  equation  (Ref. 58) 
where  is  the  stagnation  (total)  pressure  of  114.7  psia,  and 
M  is  the  entrance  Mach  number 


P  u  1  o  k/k-1 


therefore,  static  entrance  pressure,  (Pj^)  =  97-3  psia. 
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6.  Again,  assuming  isentropic  conditions,  the  entrance  static  tem¬ 
perature  (Tj^)  is  computed  from  the  following  equation  for  a 
total  temperature  (T^)  of  530  R. 


therefore,  static  temperature  (t^)  =  506  R 

7.  The  following  series  of  equations  are  used  to  compute  the  flow 
(Q)  in  the  channel 


^1  RTj 

A  =  Wi 


P 

OJ  =  Pj  AVj 

RT 

't  P 

s 

from  which  the  flow,  Q  =  8090  scim 

8.  To  prove  the  flow  computation,  the  originally  estimated  friction 
coefficient  (f)  is  checked,  Reynolds  number  is  first  computed; 

Re  =  — ^  =  3.76  X  10-^ 

Mg 

Using  the  computed  value  for  Reynolds  number,  a  friction  coef¬ 
ficient  is  determined  from  the  Moody  diagram.  The  friction 
coefficient  determined  from  this  curve  is  close  enough  to  the 
original  estimate  of  0.040  so  that  a  recoraputation  is  not 
necessary. 
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The  curve  plotted  from  this  and  other  data  points  is  shown  as  a  dashed 
line  in  Fig.  9.  This  flow  regime  extends  into  the  initial  portion  of 
laminar  flow,  i.e.,  Re  below  2000  where  fluid  momentum  is  still  an  im¬ 
portant  consideration. 

Laminar  Flow 


Laminar  flow  for  nitrogen  gas  is  computed  from  the  Poiseuille  equation 
in  the  following  form  : 


Q 


RT 
_ s 

P 


s 


24  /i  L  RT 


Using  the  assumptions  and  data  outlined  : 


Q 


4.08  X  10 


13 


This  flow  regime  continues  until  molecular  flow  can  be  detected  and  the 
transition  flow  (laminar  +  molecular)  begins. 


m 

41^ 


Transition  and  Molecular  Flow 


The  equation  used  to  compute  leakage  in  the  molecular  regime  is  as  follows: 


Q 


4 

3 


L  VET/g 


Using  the  assumptions  and  data  outlined; 

Q  =  2.49  X  10®(hp^^ 

This  flow  regime  is  plotted  on  the  lower  right  of  Fig.  9.  The  dashed 
line  connecting  the  laminar  euid  molecular  flow  regimes  is  simply  the  sum 
of  the  two  leakage  values.  Therefore,  the  transition  equation  is 


ransition 


’^Laminar 


+  Q 


Molecular 
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The  boundaries  of  this  transition  regime  are  defined  hy  the  following 
limits 


X^/h  =  0.01  to  1.0 

P 

The  molecular  mean  free  path  (X^ )  is  3.61  microinches  for  nitrogen  at 
standard  conditions  (70  F  and  14.7  psia).  For  a  mean  pressure  of  50 
psig,  X  =  0.82  microinch. 

The  corresponding  height  limitation  of  the  transition  regime  is  between 
0.82  and  82  microinches  with  the  point  of  equal  laminar-molecular  flow 
at  6.05  microinches  (Fig.  9). 


-  it 


tv# 


NOMENCLATTIRE 

A 

C 

D 

D 

e 

D 

s 

f 


h 

0 

h 

e 


h 


P 


k 


L  or  X  = 


M 

P 

Q 


area,  sq  in. 
discharge  coefficient 
hydraulic  diameter,  inches 
effective  pressure  balance  diameter 
mean  seat  diameter 
friction  coefficient 

6  2 

gravitational  acceleration  constant,  1.39  x  10  in, /min 
taper  height,  inches 

equivalent  parallel  plate  channel  height,  inches 

parallel  plate  channel  height,  inches 

ratio  of  specific  heats 

channel  length,  inches 

entrance  Mach  number 

static  pressure,  psia 

volumetric  flow  at  standard  conditions  of  temperature  (T  ) 
and  pressure  (Fg)i  in.  /min  or  for  compressible  flow,  scim 
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R. 

1 

R 

0 

R 

Re 

T 

V 

M 


=  inside  diameter,  inches 
=  outside  diameter,  inches 
=  gas  constant,  in./R 
=  Reynolds  number 
=  static  temperature,  R 
=  velocity,  in. /min 

=  channel  vidth  or  perimeter,  inches 


Greek  Symbols 

P 

X' 


weight  flowrate,  Ib/miu 
viscosity,  Ib-min/in.^ 
density,  Ib/in. 

mean  molecular  free  path,  inches 
pressure  profile  factor 


Subscripts 


1 

2 

o 

s 

i 

c 


=  inlet  or  entrance  conditions 
=  outlet  or  discharge  conditions 
=  stagnation  conditions 
=  standard  conditions 
=  incompressible 
=  compressible 


%(>••• 


#«r 
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SEATING  ANALYSIS 


The  flow  analysis  has  shown  that  leakage  per  unit  length  of  seal  (peri¬ 
meter)  is  a  function  of  two  basic  geometrical  parameters — poppet-to-seat 
gap  and  radial  land  width.  Experience  has  proved  that  for  any  real  con¬ 
figuration,  leakage  is  inversely  proportional  to  the  applied  load.  The 
purpose  of  this  analysis  is  to  (l)  provide  means  for  numerically  describ¬ 
ing  the  constituents  of  seating  surfaces  which  create  the  leakage  gap, 
and  (2)  to  derive  equations  relating  seat  load  to  leakage.  In  some  cases 
these  relationships  will  he  based  upon  simple,  imperfect  models.  In  many 
cases  no  analysis  exists  or  could  be  made  due  to  the  complexity  of  the 
problem.  Therefore,  it  is  to  be  expected  that  experimental  correlation 
will  be  necessary  to  reveal  the  real  situation.  However,  the  understand¬ 
ing  provided  by  these  relationships  in  the  comparitive  sense  will  assist 
in  the  pursuit  of  advanced  designs. 


GEOMETRY  OF  VALVE  SEATING 

The  performance  of  a  metal-to-metal  valve  seat  is  intimately  related  to 
the  geometrical  configuration  of  the  seating  surfaces.  While  a  large 
variety  of  configurations  are  employed,  the  fundamental  flat,  conical, 
and  spherical  geometries  can  be  identified  in  most  cases.  This  stems 
from  the  simplicity  of  these  shapes  which  are  attendant  with  natural 
fabrication  processes.  The  three  configurations  are  shown  in  Fig.  10  with 
the  parameters  and  equations  combining  basic  geometry  and  load  for  the 
definition  of  apparent  seat  stress  (s). 

Superimposed  upon  real  valve  seating  surfaces  is  a  variety  of  other  smaller 
geometries  ^vhich  often  have  a  greater  influence  on  the  closure  than  the 
more  obvious  gross  configuration.  Most  apparent  is  surface  texture  which 
includes  the  machining  errors  of  roughness,  waviness,  pits,  nodules,  and 
scratches.  However,  often  overlooked  and  of  more  subtle  influence  is  the 
geometry  of  the  seat  land.  While  a  seat  land  may  be  specified  by  engineer¬ 
ing  drawing  or  fabrication  process,  perfect  conformability  of  mating 
surfaces  is  impossible  and  deviations  are  difficult  to  define  or  prove 
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precisely;  hence,  the  actual  contact  dimensions  may  he  quite  different 
than  planned  and  also  may  change  with  seat  load.  Because  leakage  is  in¬ 
versely  dependent  upon  real  contact  land  dimensions  it  follows  that  varia¬ 
tion  of  these  dimensions  will  also  have  an  effect  on  leakage. 

In  many  cases  of  valve  design,  the  final  geometry  of  seating  is  unspecified, 
being  controlled  by  shop  practices  to  meet  initial  leakage  requirements 
and  ultimately  the  potentially  plastic  effects  of  cycling.  Considering 
the  variety  of  seating  land  geometries  possible,  this  practice  results 
in  poor  predictability  of  performance  from  valve  to  valve  through  any 
period  of  use.  Therefore,  it  is  necessary  that  each  part  of  the  contact 
land  be  considered  and  defined  within  reasonable  limits.  While  these 
limits  will  vary  with  performance  requirements  and  shop  capability,  the 
analyses  presented  herein  combined  with  dimensional  analysis  of  the 
experimental  models  (see  Experimental  Program  section)  should  serve  as  a 
design  guide. 

Land  geometry  is  identical  in  cross  section  for  the  flat  and  conical  con¬ 
figurations.  For  spherical  seating,  the  only  difference  is  the  definition 
of  a  land  width  on  a  curved  surface  which  is  usually  narrow;  thus,  except 
for  this  one  difference,  the  seat  land  is  the  same  for  all  three  configura¬ 
tions.  The  land,  which  may  be  on  the  seat,  poppet  or  both,  is  composed 
of  the  three  basic  parts  as  illustrated  below; 
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Each  of  these  parts  may  take  many  forms  and  combinations  too  numerous  to 
depict.  The  backup  material  angle  on  most  flat  seats  is  zero  (but  may 
approach  90  degrees)  vhereas  for  45-degree  conical  or  spherical  seating, 
it  is  normally  45  degrees  (but  also  may  approach  90  degrees).  The  "flat 
laud"  may  be  flat,  concave,  or  convex  with  symmetry  near  its  oiim  center- 
line  or  to  the  seat  diameter.  Corner  radii  also  vary  over  a  considerable 
range  from  a  mere  ragged  discontinuity  formed  by  intersecting  surface 
roughnesses  to  the  opposite  extreme  of  a  complete  sphere  (ball  in  cone). 


SEATING  GAP 

The  seating  gap  under  a  no-load  condition  is  a  result  of  variation  in  the 
above  land  geometry  combined  with  dimensional  and  positional  errors.  In 
many  cases,  the  real  length  of  land  contact  is  a  complex  function  of  the 
load,  being  formed  elastically  -vvdth  each  contact.  The  seat  land  may  have 
been  developed  through  plastic  flow  of  an  initially  sharp  edge  with  sub¬ 
sequent  deformations  predominantly  elastic.  Where  the  land  is  plastically 
formed,  the  resultant  contact  shape  is  largely  indeterminate.  With  de¬ 
fined  simple  curved  shapes,  however,  a  Hertz  stress  analysis  may  be  used 
to  predict  the  elastically  loaded  configuration.  In  any  case,  a  definite 
land  length  does  exist  under  the  slightest  load,  and  the  term  "sharp  seat" 
is  a  relative  generalization. 

Dimensional  errors  result  in  deviations  from  true  form  and  nonconformity 
between  poppet  and  seat  lands.  Symmetrical  errors  may  create  only  a  taper 
gap  with  full  contact  at  the  roughness  level  around  the  periphery;  however, 
errors  of  roundness  always  result  in  a  thi-ough-gap .  Even  with  symmetrical 
errors,  as  exemplified  by  differential  radii  in  spherical  seating,  a  finite 
load  must  be  applied  to  establish  a  minimal  land  for  adequate  sealing  or 
else  leakage  could  be  in  the  nozzle  regime  and,  thus,  much  greater  than 
for  the  laminar  condition. 

It  is  notable  that  unlike  the  flat  poppet  and  seat  (for  which  it  is  rel¬ 
atively  simple  to  obtain  near-perfect  conformity),  the  conical  and  spherical 
designs  necessitate  a  match  of  physical  dimensions,  i.e.,  the  included 
angle  for  the  cone  and  radius  for  the  sphere.  As  a  result,  these 


configurations  will  almost  always  have  a  taper  gap  from  a  few  micro inches 
to  thousandths  of  an  inch,  depending  upon  size  and  fabrication  and  measure¬ 
ment  precision.  For  constrained  flat  and  conical  seats,  parallelism  and 
axis  tilt  are  usual  positional  errors.  Freedom  from  this  error  is  the 
advantage  of  the  spherical  seat. 

Superimposed  upon  the  seat  land,  and  causing  gaps  which  may  only  he  re¬ 
duced  hut  never  closed,  are  the  surface  textural  errors  of  roughness, 
waviness,  modules,  pits,  and  scratches.  Thus,  a  variety  of  geometrical 
errors  cause  conformal  gaps  in  seating  which  must  be  reduced  through  load 
deformation  of  the  "high"  material. 


EQUIVALENT  FLOV^  PATHS  FOE  SURFACE  DEVIATIONS 

The  deviations  of  seating  geometry  that  result  in  leakage  may  be  broadly 
divided  into  the  following: 

1.  Gross  abnormalities  of  geometry  such  as  out-of-parallel  plates; 
broad  curvatures  measured  as  a  deviation  from  a  flat  plane;  and 
spherical,  out-of-round,  or  tapered  mating  surfaces 

2.  Parameters  of  surface  texture,  i.e.,  roughness,  waviness,  nodules, 
pits,  and  scratches 

The  leakage  flow  through  these  various  surface  deviations  may  be  indi¬ 
rectly  approximated  by  computing  the  equivalent  flow  path  of  each  devia¬ 
tion  for  that  portion  of  the  seating  surface  it  occupies.  As  previously 
shown,  valve  seat  leakage  takes  place  mainly  in  the  laminar  and,  to  a 
lesser  extent,  in  the  molecular  flow  regimes.  In  laminar  flow  between 
parallel  plates,  the  defining  parameters  are  the  channel  length  or  the 
radial  land  width  (l),  peripheral  width  (¥=110  ),  and  separation  height 

■z  ® 

cubed  (h^).  The  same  conditions  hold  for  molecular  flow  except  the 
separation  height  is  squared  (h^). 

Because  the  surface  deviations  considered  herein  are  very  close  approx¬ 
imations  of  parallel  plates,  the  flow  may  be  imagined  to  travel  through 
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discrete  radial  channels  of  varying  height  which  may  be  integrated  to 

arrive  at  an  equivalent  parallel  plate  separation  (h  ). 

e 

In  these  calculations,  advantage  is  taken  of  the  fact  that  the  majority 
of  flow  occurs  through  the  larger  spaces  so  that  small  nonradial  flows 
may  be  neglected.  It  has  also  been  assumed  that  the  seat  land  width  is 
sufficiently  narrow  with  respect  to  the  ID  to  neglect  radial  flov/ 
divergence . 


Simplified  Chordal  Equations 

In  analyses  of  various  curved  geometries  the  expression  for  the  chordal 
height  often  occurs  as  shown  below: 


The  equation  defining  this  geometry  is:* 


r  =  J  2RZ  -  ^  2RZ 


For  most  analyses  herein,  R  is  much  larger  than  Z;  therefore,  the  approxi¬ 
mate  relation  may  be  used  with  small  error  as  shown  below: 


r/z 

Error,  percent 

25.4 

1.0 

5.4 

5.0 

2.9 

10.0 

*See  pages  ~i4y  through  152  for  nomenclature. 
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Gross  Geometry  Deviations 


Valve  seat  leakage  caused  by  gross  separations  in  the  interface  is  mainly 
laminar,  but  may  be  turbulent  channel  or  nozzle  flow.  Although  there  may, 
in  unusual  instances,  be  significant  molecular  flow,  the  addition  of  this 
component  will  be  reserved  for  consideration  of  flow  through  surface 
roughness.  \Vhile  a  large  number  of  surface  deviations  are  possible,  there 
is  a  great  similarity  between  the  various  gap  shapes  which  allows  the  con¬ 
sideration  of  maximum  gap  and  equivalent  height  to  be  reduced  to  a  reason¬ 
able  few.  These  may  often  be  superimposed  to  obtain  approximate  results 
for  composite  shapes.  In  the  case  of  taper  gaps  (h^),  a  physical  separa¬ 
tion  of  the  seating  surfaces  (l^p)  is  assumed  to  exist  due  to  surface  tex¬ 
ture  or  other  errors. 


Out-of-Parallel  Flat  Poppet  and  Seat.  For  this  case,  the  seating  surfaces 
are  assumed  perfectly  smooth  and  flat  with  flow  perfectly  radial.  The  flow 
may  be  imagined  to  follow  a  large  but  finite  number  of  radial  stream 
channels  which  may  be  summed  to  obtain  the  total  flow  through  the  gap. 
Because  laminar  flow  varies  as  the  height  cubed,  it  follows  that  the  pre¬ 
dominate  flow  path  is  through  the  widest  gap.  The  analytical  model  and 
describing  equations  are  shown  below: 


R  8 


-R 


,3  .  ll/3 
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As  curve  Z  is  one-half  of  a  sine  wave  when  unwrapped,  the  same  result  is 
obtained  by  integrating  Z  over  the  length  ITR.  It  can  be  shown  for  this 
model  that  the  assumption  of  perfect  radial  flow  results  in  small  error 
because  more  than  90  percent  of  the  total  flow  discharges  from  the  wide 
180  degrees  of  the  periphery,  leaving  less  than  10  percent  of  the  flow 
involved  in  the  contact  regions  where  the  flow  is  partially  circumferential. 


Sinusoidal  Gap  Separations.  The  flat  poppet  and  seat  having  one  or  both 
surfaces  cylindrically  out-of-flat  (egg-shaped  poppet)  and  also,  out-of- 
round  conical,  and  spherical  seating  surfaces  all  have  gaps  which  are 
basically  sinusoidal  regardless  of  the  number  of  lobes.  Consequently, 
integration  of  these  shapes  yields  the  same  results  obtained  for  the  flat 
out-of-parallel  case  above,  i.e.: 


e 


iMf-- 


where  h  is  the  maximum  gap. 


Axially  Symmetrical  Tapered  Seating.  Taper  between  poppet  and  seat  is 
usual  for  nearly  all  forms  of  seating  involving  matching  surfaces.  It  re-  »* 

suits  in  flat  seating  from  customary'  convex  (or  to  a  lesser  extent  concave)  ^ 

machining  errors  as  schematically  shown  below: 


% 

r 

% 


rli* 


For  flatness  errors  and  Z^)  measured  nominally  at  the  mean  seat  dia¬ 
meter  (Dg),  the  taper  gap  (h^)  is  derived  from  the  simplified  chordal 
equation  as 


^  "  "bs) 

S 

with  the  appropriate  sign  applied  to  Z  for  concave  or  convex  conditions. 


A  more  unusal  symmetrical  form  error  is  the  crowned  surface  which  might 
occur  from  excessive  polishing  of  a  flat,  conical,  or  even  spherical  seat, 
thus  dubbing  the  edges.  Although  the  actual  shape  is  often  elliptical, 
the  geometry  may  be  approximately  described  by  the  chordal  equation.  A 
similar  seating  configuration  occurring  naturally  is  the  ball  in  a  wide 
conical  seat  (elastic  contact  only).  Taper  gaps  from  these  configurations 
are  shown  below: 


As  previously  noted,  a  more  serious  problem  exists  for  the  conical  and 
spherical  surfaces  because  of  the  conformal  dependence  upon  physical  di¬ 
mensions  (see  Model  Fabrication  section).  For  conical  seating,  the  seat 
gap  is  a  function  of  the  land  width  (l)  and  differential  seating  or  half 
angle  (A0)  between  poppet  and  seat;  thus  h^  ^  /i,  0  L. 

With  sperical  seating,  the  taper  gap  is  related  to  the  differential  (AB) 
between  the  poppet  (Rp)  and  ball  seat  (H^g)  spherical  radii.  The  exact 
equation  is  cumbersome  in  that  small  differences  necessitate  a  computer 
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solution.  However,  simplification  is  possible  for  seating  half  angle  (0) 
between  13  and  73  degrees,  and  land  width  (l)  small  with  respect  to  the 
basic  spherical  radius  (r).  Applicable  terms  are  shown  in  the  following 
sketch  for  the  case  where  (Rgg)  is  greater  than  (l^).  The  approximate 
solution  for  (h^)  is  derived  from  the  sine  law  with  (l)  assumed  a  straight 
line . 


6 


^  :  (  +  )  for  B.  >  R  ;  (-)  for  R  >  R, 
2R  ^  '  BS  P  P  Be 


=  arc  cos 


In  terms  of  the  differential  between  ball  and  seat  spherical  diameters 
(Ad)  and  mean  seat  diameter  (D^): 


h 

o 


~  Adl  cos  6 


^  e  L 


Taper  gap  data  are  plotted  in  Fig.  11  in  terms  of  the  taper  angle  (A  6). 
Consideration  of  experimental  data  has  shown  that  the  usual  tolerance 
angular  differential  of  l/2  to  1.0  degree  would,  in  most  cases,  result 
in  unacceptably  large  taper  gaps. 
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Seat  Land  Width,  L  -  inches 


i  I  i 


It  II  II  f  I 


Taper  Gap,  h^  -  microinches 


Figure  11.  Taper  Gap  for  Flat,  Conical,  and  Spherical  Seating 


The  problem  now  is  to  describe  the  taper  gap  (li^)  in  leakage  parameter- 
terms.  For  the  ideal  case  of  perfectly  smooth  flat  or  round  surfaces, 
there  would  be  no  leakage.  Roughness  and/or  geometry  errors  do,  however, 
casue  a  separation  which,  dye  to  the  very  narrow  contact  land,  may  be 
assumed  to  offer  negligible  resistance  to  flow  (unless  the  taper  gap  is 
very  large  in  which  case  the  leakage  would  result  from  a  nozzle  flow  con¬ 
dition).  With  some  gap^  the  problem  is  resolved  to  one  of  simple  tapered 
flow.  The  equivalent  separation  for  this  case  has  been  presented  in  the 
Leakage  Flow  Analysis  section.  The  simple  integi-ation  averaging  process 
may  not  be  used  for  channel  height  varying  along  the  flow  direction.  Com¬ 
parison  of  laminar  flow  factors  is  illustrated  in  Fig,  12  for  two  cases 
noted  as  "linear”  and  "taper"  flow.  For  the  linear  case,  h  does  not  vary 
in  the  direction  of  land  width  (l),  and  the  cubical  average  (h^)  is  ob¬ 
tained  as  previously  shown.  For  taper  flow,  the  basic  flow  equation  must 
be  integrated  with  L  to  obtain  an  equivalent  path  height.  There  is  a  small 
difference  between  the  two  flow  factors  at  (h^/h^)  ratios  greater  than  one; 
thus,  the  more  universal  Mj  factor  may  be  used  to  approximate  complex  sur¬ 
face  geometry.  Below  this  value,  however,  taper  flow  should  be  considered 
as  the  defining  parameter  and  Nj^  used  to  compute  the  flow. 


Tilted  Conical  Poppet.  Tilting  a  conical  poppet  in  its  seat  results  in 
an  elliptical  out-of-roundness  between  the  poppet  and  seat.  Because  right¬ 
ing  moments  are  nil  near  axial  coincidence  and,  for  most  cases,  tilt  is 
caused  by  eccentrically  applied  seating  forces,  this  is  a  natural  error 
for  the  conical  configuration.  The  problem  is  to  determine  the  I'elation- 
ship  between  tilt  angle  and  maximum  seat  gap  from  whence  an  equivalent 
flow  path  may  be  obtained. 

The  geometry  of  the  tilted  cone  is  shown  in  Fig.  13.  The  intersection 
between  seat  and  poppet  axes  is  at  point  (o)  for  all  angles  of  tilt  (Y). 
From  this  construction,  the  analysis  follows. 

The  point  of  maximum  out-of-roundness,  and  thus  gap,  is  located  approxi¬ 
mately  90  degrees  removed  along  the  line  joining  the  contact  points  be¬ 
tween  poppet  and  seat  (point  q).  The  gap  generated  in  this  plane  results 
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Laminar  Flow  Factors 
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from  tvo  ellipses  having  major  semiaxes  (R^)  and  minor  semiaxes  reduced 
from  circular  radii  (Rp)  and(R^)  by  eccentricities  (®p) 
is  shovn  below  in  the  section  through  plane  R^. 


T 

R  R 

I  i 


The  equation  for  maximujn  gap  (q)  which  lies  in  the  plane  (R  )  is: 


1  =  (“s  -  -  (“p  -  ^“p) 


where  the  elliptical  change  in  radii  are  obtained  from  circular  sections 
through  lines  (R^)  and  (Rp)  as  illustrated  below; 


From  the  preceding  sketch; 


Solving  for  R  : 


R 

P 


F  cos  (Y 
tan  0 


P  =  R  tan  6;  H 
c  c 

R  tan  0 

p  ^  _s - 

cos  p 


R 

s 

COS  p 


R  cos  (Y  + 

R  =  - 3 - 

p  cos  p 


Solving  for  e^: 

e  =  P  sin 
s 


R 

s 


tan  0  sin  ^ 
cos  ^ 


e  =  R  tan  0  tan  ^ 

s  s 


Solving  for  e 


e^  =  P  sin  (Y  +  P) 


e 

P 


R  tan  0  sin  (Y  +  P) 

3 _ J _ 

cos  P 


Solving  for  q: 

q=R  -  AR  -(R  -  Ar) 
s  s  '  p  p 

Ar  =  -^  R  tan^  0  tan^  jS 

s  2  s 


l*!" 
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tan^  6  sin^  (Y  + 

^ Rp  2  C03  ^  cos  (Y  +  /3) 


cos  (Y  + 
cos  ^ 


e 


sin^  (Y  +  ^) 

cos  P  cos  (Y  + 


tan 


where 


(3  _  •  L  cos  6 

^  =  arc  sin  - 

s 


For  small  angles  4  degrees)  of  (Y)  and  (fi) ,  the  above  equations  may  he 
simplified  to  the  following  form: 


Y 

^  2  cos  0 


L  + 


R  Y' 
s 

cos  0 


The  perpendicular  gap  at  q  is: 


h  =  q  cos  0 

q 

D  ^ 

h  L  Y+  - 5  . 

q  2  4  cos  o  ’ 


whereas  the  perpendicular  gap  at  the  two  contact  points  is  h  =  LY,  or  the 
same  gap  as  obtained  with  symmetrical  taper  (Y  =  A0). 

The  first  term  in  the  equation  for  h^  represents  the  taper  gap,  and  the 
second  term  the  elliptical  gap.  The  significance  of  these  two  terms  is 
shown  in  Fig„  14  where  h  is  plotted  for  L  equal  zero,  and  the  family  of 
conical  angles  experimentally  investigated.  The  value  of  h  for  a  range 
of  land  w'idths  is  also  shown.  Except  for  narrow  land  widths  and  large 
tilt  angles,  these  parameters  show  that  the  elliptical  term  is  usually 
negligible  (this  was  the  case  for  the  experimental  models).  Accordingly, 
the  gap  valume  may  be  approximated  by  the  sinusoidal  shape  illustrated  in 
Fig.  15.  As  shoim,  the  circumferential  ID  and  OD  lengths  are  nearly  the 
same  because  L  is  small  with  respect  to  D^.  Clearly,  the  flow  path  is 
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Figure  15 .  Seat  Gap  Volume  From  a  Tilted  Conical  Poppet 


partially  circumferential  with  flov  entering  at  the  greatest  gap  (h) 
splitting  into  tvo  parts  and  recombining  at  the  exit. 


To  arrive  at  an  equivalent  parallel  plate  Iieight  (h^)  and  flov  path  based 
upon  the  previous  parameter,  the  fol loving  assumptions  are  made: 


1.  The  convergent-divergent  flov  height  ratio  (h Fig.  12)  is 
nominally  one;  therefore,  the  cubically  averaged  laminar  flov 
factor  (Mp)  may  be  used  to  determine  (h^).  Based  upon  the  sine 
vave  shape: 


2.  The  effective  length  of  flov  path  (L^)  is  determined  by  the  en¬ 
trance  and  exit  heights  equal  to  )  as  shovn  in  Fig.  15.  The 
resultant  equation  for  (L^)  is: 


L 

e 


y2  2 

L  +  b 


vhere 

TtD 

b  2a 

thus 

L  J  \?  +  0.132  D  ^ 

e  V  s 

Generally  the  term  above  can  be  neglected  (e.g.,  ^  10,  error  <4 

percent),  and  L  is  reduced  to  approximately  O.363  B  .  Thus,  the  flov 
path  is  circular  for  about  10  percent  of  the  seat  circumference.  Intro¬ 
duction  of  (B^)  and  (h^)  into  the  laminar  flov  equation  shovs  the  general 
relationship  betveen  geometiy  and  lealiage,  i.e.: 


with  leakage  independent  of  seat  diameter.  This  explains  why  narrow  land 
widths  are  desirable  for  conical  seated  valves  ivhere  tilt  cannot  be  accur¬ 
ately  controlled.  It  may  be  shown  that  for  usual  valve  designs  the  tilt 
angle  is  sufficiently  controlled  (normally  less  than  1  degree)  to  preclude 
nozzle  flow  (i.e.,  L^/h^  ^lO). 


Surface  Texture  Deviations 


Except  in  rare  instances,  loaded  on-seat  leakage  will  be  laminar  and,  for 
gases,  may  reach  molecular  levels.  The  basic  leak  path  is  through  the 
interstices  formed  by  contacting  Airaviness  and/or  roughness,  ,4dditional 
leakage  components  of  possible  significance  may  be  through  nodule  created 
gaps,  radial  scratches,  or  a  density  of  interconnecting  pits.  As  with 
gross  geometry  deviations,  weighted  averages  of  the  maximum  spacing  height 
(h)  can  be  computed  for  various  regular  geometric  wave  forms. 


Surface  Roughness  and  Waviness.  The  geometrical  terms  and  equations  used 
to  describe  model  surfaces  are  summarized  in  the  sinusoidal  representation 
shown  in  Fig.  l6.  The  height  (h)  and  wave  length  (X),  can  be  assumed  to 
represent  various  other  wave  forms  and  exist  as  waviness  or  roughness,  or 
a  combination  of  both.  For  example,  a  sinusoidal  curve  of  smaller  (h)  and 
(X)  can  be  superimposed  upon  the  sine  wave  shown.  In  addition,  these  waves 
can  be  imagined  to  be  either  linear  into  the  paper  or  undulating  in  a  sim¬ 
ilar  fashion  as  that  indicated  resulting  in  a  three-dimensional  series  of 
"hills  and  valleys"  which  contain  a  smaller  version  of  the  same.  For  the 
fine  surfaces  under  consideration  (h  =  0.5  to  20  raicroinches) ,  the  average 
asperity  angle  (4>)  will  seldom  exceed  4  degrees,  and  sharp  lapping  scratches 
do  not  have  slope  angles  much  greater  than  10  degrees. 

Various  averages  have  been  computed  from  the  equations  shown  in  Fig.  l6 
for  a  number  of  regular  geometric  wave  forms  (Fig.  17)o  These  factors  may 
be  used  to  estimate  the  variations  between  surfaces  and  the  possible  effects 
on  leakage  performance. 
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Average  Asperity  Angle  4= 

Location  of  Mean  Line  Defined  ty  Area  1  =  Area  2 


Figure  l6.  Model  Surface  Geometry  With  Defining  Equations 
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Figure  17.  Average  Height  Values  for  Various  Wave  Forms 


Scratches.  The  remaining  surface  defects  pertinent  to  valve  seating  are 
scratches,  nodules,  and  pits  in  decreasing  significance.  Because  of  the 
difficulty  associated  with  defining  these  defects,  they  take  on  a  much 
greater  importance  than  is  commensurate  with  their  usual  contribution  to 
leakage.  Of  particular  significance  in  this  respect  are  scratches.  The 
definition  of  the  relative  effect  of  scratches  (and  other  defects)  upon 
leakage  may  be  estimated  through  comparison  of  their  size-number  contribu¬ 
tion  to  total  leakage  as  compared  with  other  deviations. 

The  analytical  model  considered  is  the  seat  land  having  one  radial  scratch 
as  shown  below: 


The  equivalent  height  for  the  sav/tooth  configuration  from  Fig.  17  is: 


h  T  «=  0.63  h  and  h  =  0.58  h 
eij  eM 

Scratch  density  relates  the  one-radial-scratch-model  to  the  usual 


case  of  many  radial  scratches;  thus 


a  -  P  X 

s 


TT  B  0 
s  S 

X 


where  Q  for  many  scratches  of  average  width  (X)  equals  (n)  times  (Qg)  for 
one  scratch.  Scratch  leakage,  computed  for  later  correlation  ivith  exper¬ 
imental  data,  is  shown  in  Fig.  18  with  the  reduced  flow  equation  and 
applicable  data. 
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Nitrogen  Leakage,  scim 
Figure  18.  Single  Scratch  Leakage, 


Nodules.  Contarainants  and  nodules  have  a  highly  load  sensitive  effect  on 
leakage  due  to  their  usually  small  contact  area.  Uniformly  dispersed  over 
the  seating  area,  the  separation  heiglit  is  merely  the  parallel  plate  con¬ 
figuration.  However,  one  nodule  will  cause  the  out-of-parallel  positional 
error  previously  discussed.  In  this  case,  contact  will  occur  at  the  rough¬ 
ness  height  of  the  two  surfaces  and  the  equivalent  height  must  he  deter¬ 
mined  for  the  combined  gaps  (i.e.,  M.  in  Fig.  12  Atrhere  h  is  the  equiva- 

ij  p 

lent  combined  roughness  heiglit,  and  h^  the  out-of-parallel  gap). 

Pits .  Few  localized  pits  not  bridging  the  seat  land  will  have  little 
effect  on  leakage.  A  uniform  distribution  of  pits  v^ill  tend  to  reduce  the 
effective  land  w'idtli  since  they  offer  negligible  flow  resistance  (large 
relative  h). 


ShUFACE  DEFORMATION  i\l®  LEAKAGE 

No  analysis  exists  which  accurately  describes  the  deformation  of  real  sur¬ 
faces.  Approximation  analyses  arc  either  extremely  complex  (see  Itef.  25, 
and  40)  or  1  irnited  to  specific  configurations  and  materials  which  restrict 
their  application.  Because  leakage  results  from  some  separation  between 
contacting  interfaces,  it  is  the  change  in  this  gap  with  load  that  is  of 
interest ,  i.e., 

Q  (h  -  6)^ 

where  (5)  is  the  deformation  of  contacting  geometry.  From  this  equation, 
it  may  be  seen  that  as  (5)  approaches  (h),  the  variability  of  Q  must  in¬ 
crease  greatly  because  of  test  model  differences  or  analytical  inaccuracies. 
Consequently,  the  deformation  and  leakage  analyses  of  simplified  model 
surfaces  will  serve  mainly  for  comparison  with  experimental  data  to  assist 
in  understanding  the  mechanism  of  seating.  This  concept  will  be  exempli¬ 
fied  in  later  discussions  of  test  model  stres-s-leakage  characteristics 
where  the  inspection,  test,  and  analytical  inputs  will  be  combined  to 
support  explanations  of  notable  phenomena. 
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The  deformation  of  simplified  model  surfaces  is  based  on  the  assumption 
of  total  elasticity  of  the  interfacial  contacts  and  substrata  •vri.th  uniform 
unit  loading  over  the  seating  land.  The  nominal  plastic  deformations 
that  take  place  in  real  contacts  will  be  neglected  as  contributing  little 
to  the  load  required  to  effect  a  shutoff.  Each  model  defect  will  be 
treated  separately,  and  it  is  assumed  that  loads  may  be  superimposed  to 
arrive  at  a  final  solution.  Therefore,  the  load  to  depress  nodules  into 
the  waviness  will  be  added  to  the  load  required  to  flatten  waviness  which 
in  turn,  will  be  added  to  the  load  necessary  for  compressing  the  roughness 
component.  No  simple  analysis  exists  which  describes  the  characteristics 
of  scratches  or  shallow  v  grooves  in  a  compressed  surface;  therefore, 
the  results  of  model  tests  must  be  reviewed  to  arrive  at  some  quantitative 
evaluation.  Additionally,  it  is  assumed  that  the  deformations  of  one  de¬ 
fect  do  not  affect  another.  This  is  not  actually  the  case  because  all 
defects  are  an  integral  part  of  the  surface.  However,  the  incurred 
error  is  assumed  negligible  because  the  relative  stiffness  of  nodule 
tips  or  wave  crests  is  generally  small  compared  with  the  substrata.  This 
assumption  becomes  increasingly  invalid  as  the  protuberauice  spreads  out 
and  approaches  the  general  plane  comprised  of  the  average  roughness. 

Analysis  of  the  deformations  is  based  upon  Hertz  equations  for  curvi¬ 
linear  contacts.  These  equations  have  been  reduced  to  a  relatively 
simple  form  in  Roark  (Ref.  6j.)  for  a  variety  of  singular  contacts.  In¬ 
cluded  are  sphere- on -plate ,  sphere -on-sphere ,  cylinder -on-plate ,  cylinder- 
on-cylinder,  crossed  cylinders,  etc.  From  these  geometrical  shapes  and 
the  previous  data  on  model  surfaces,  a  variety  of  models  may  be  set  up 
for  analysis.  The  primary  difference  between  each  of  these  configurations 
is  the  spring  rate,  or  the  load  to  achieve  a  given  deflection,  and  the 
load  that  the  contact  can  support  before  plastic  flow  results.  For  ex¬ 
ample,  the  sphere-on-sphere  is  considerably  more  deformable  than  the 
cylinder-on-cylinder. 
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General  WaTinesa  and  Roughness  Model 


Consideration  of  the  various  types  of  surfaces  fabricated  in  the  test  pro¬ 
gram  resulting  from  turning, grinding,  lapping,  and  polishing  has  indicated 
that  the  most  general  model  configuration  is  one  which  is  multidirectional. 
(The  special  case  of  eccentric  circular  lay  is  considered  in  subsequent 
sections. ) 

Real  surface  contacts  consist  of  combinations  of  crossed  ridges  and  con¬ 
tacting  spherical  protuberances  or  nodules,  interlaced  with  scratches. 

A  loose  abrasive  lapped  surface  of  general  matte  appearance  has  an  ex¬ 
tremely  nodular  structure,  generally  termed  homogenous  or  multidirectional, 
iirhich  is  interspersed  with  numerous  nicks  and  scratches  lying  below  the 
general  terrain.  The  diamond  lapped  surface  generally  has  a  definite  lay, 
either  unidirectional  or  criss-crossed,  caused  by  scratches  which  may  have 
raised  ridges  along  their  lips  or  edges.  Even  in  unidirectional  diamond 
lapping  these  scratches  criss-cross  each  other  in  angles  of  a  few  degrees, 
breaking  ridge  continuity.  Thus,  mating  of  unidirectional  surfaces  re¬ 
sults  essentially  in  a  multidirectional  gap  configuration. 

From  these  observations  and  those  noted  in  the  literature  (see  Surface 
Studies) ,  the  model  selected  for  analysis  and  data  correlation  is  the 
sinusoidal  surface  in  one  direction  mating  with  a  similar  surface  rotated 
90  degrees.  The  result  is  a  multiplicity  of  crossed-rods  contacts.  This 
model  has  the  advantage  that  the  wave  lengths  and  heights  of  each  surface 
may  be  varied  independently  without  destroying  the  model  concept;  also, 
resultant  deflections  are  very  near  that  obtained  for  spherical  contacts. 

Of  primary  concern  is  what  happens  to  the  displaced  metal  as  the  surfaces 
are  loaded.  Under  an  elastic  condition,  a  change  in  volume  of  the  stressed 
members  will  occur,  and  one  assumption  might  be  that  the  depressed  metal 
simply  disappears.  It  is  more  likely  that,  for  the  extremely  shallow  hills 
and  valleys  of  most  seating  surfaces,  the  valleys  rise  as  the  hills  are 
de pressed. 
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A  second  consideration  is  that,  as  the  surface  asperities  are  compressed, 
a  point  is  eventually  reached  idien  the  assumed  model  is  not  the  control¬ 
ling  characteristic j  and  deformation  has  rendered  the  model  invalid. 

This  transition  is  not  fully  understood  but  it  is  assumed  that  it  is 
gradual  and  vill  tend  to  cause  a  general  stiffening  of  the  surface  so  that 
more  load  will  he  required  to  decrease  leakage  than  the  analysis  predicts. 
However,  the  primary  objective  of  the  analysis  is  to  place  the  controlling 
variables  in  proper  perspective  with  test  data  used  to  establish  a  ref¬ 
erence  datum. 


Deformation  Equations.  The  variation  of  the  average  leakage  path 
with  load  (or  gross  seat  stress)  can  be  established  from  Fig.  I9.  The 
approach  of  the  two  sinusoidal  surfaces  shown  is  approximated  by  the 
Hertz  equation  for  the  deformation  of  two  cylinders  modified  by  a  factor 
(e) which  may  be  assumed  to  vary  from  1  to  2.  If  c  =  1,  the  displaced  ma¬ 
terial  is  assumed  to  disappear  into  the  surface.  If  €  =2,  the  valleys 
are  assumed  to  rise  in  proportion  to  the  deformation  of  the  peaks.  The 
deformation  in  terras  of  the  periodic  surfaces  slioim  is 


6  =  2C 


^  (h^  +  h^  \^) 


1/3 


where 


S  = 


F  ~  X 

TT  D  L  '  \ 


and 


a  =  elastic  constant  for  two  contacting  surfaces,  psi 


C  =  function  of  X  and  h 

D^  =  mean  seat  diameter,  inches 

E  =  elastic  modulus,  psi 
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F  =  total  seat  load,  pounds 

li  =  peak-to-valley  height,  inches 

L  =  seat  land  vidth,  inches 

=  sinusoidal  model  roughness  radius,  inches 

5  =  apparent  contact  stress  (also  equal  to  individual  contact  load 

divided  by  x  X^),  psi 

X  =  wavelength,  inches 

6  =  contact  deformation  defined  by  the  approach  of  points  remote 

from  the  contact,  inches 

U  =  Poisson  ratio 


The  maximum  allowable  seat  load,  or  apparent  stress,  is  based  upon  metal 
failure  from  subsurface  shear  which  is  assumed  equal  to  one-half  the  yield 
strength  of  the  material  in  normal  tension.  The  maximum  shear  stress  is 
equal  to  one-third  the  maximum  contact  stress.  Relating  these  terms  re¬ 
sults  in  an  expression  for  maximum  allowable  apparent  stress  based  on 
geometry  and  yield  strength 


S 

m 


(x/  h 


2  ^2 


hi) 


2 


where 


S 

m 


F 

m 

TT  D  L 
s 


and 


A  and  B 
F 

m 

S 

m 

Y 


functions  of  X  and  h 
maximum  seat  load,  pounds 
maximum  apparent  contact  stress,  psi 
yield  strength,  psi 
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a 


elastic  constant  for  two  contacting  surfaces,  i/psi 


Values  of  Variables  A,  B,  and  C 


X2Vb2 

1 

2 

3 

4 

6 

10 

A 

0.91 

1.2 

1.4 

1.5 

1.8 

2.2 

B 

I 

0.63 

0.48 

0.40 

0,31 

0.22 

C 

2.08 

2.0 

2.0 

1.9 

1.8 

1.6 

l-ap- 


Combining  the  deformation  equation  with  the  relation  for  the  averaged 
heights  and  results  in  an  expression  relating  the  apparent 

seat  stress  to  the  equivalent  leakage  path  in  terms  of  the  surface 
microgeometry  and  material  properties.  The  general  expression  is 

=  M  (H  -  e  6) 


where 


H  =  h^  +  h^ 

M  =  either  the  laminar  or  molecular  factors  of  Fig.  17 


Simplification  for  Identical  Surfaces.  The  previous  equations  have  been 
derived  so  that  surfaces  of  different  roughness  and  wave  lengths  may  be 
evaluated.  Where  the  two  seating  surfaces  differ  appreciably,  the  de¬ 
flections  must  be  computed  from  these  equations.  In  general,  however, 
the  techniques  used  to  finish  a  poppet  are  also  used  on  the  seat,  and 
the  resulting  surfaces  are  quite  similar,  if  not  identical.  Consider¬ 
able  mathematical  simplification  of  the  previous  equations  is  afforded 
if  the  two  surfaces  are  treated  as  identical.  In  most  cases,  nominal 
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differences  can  be  simply  averaged.  Assuming  £  =  3/2  (valleys  rise  1/2 
the  peak  deformation)  the  equations  are  reduced  as  follows: 


6 


2 


2  1 
0.42  a  Y-^ 

=  0.68  (H  -  I  6)  =  1.36  (h  -  I  6) 
=  0.61  (H  -  I  6)  =  1.22  (h  -  I  6) 


The  flattening  stress  (S^)  may  be  obtained  by  letting  6  =  4/3  h;  is 
zero,  and  theoretically,  leakage  is  zero.  Although  flattening  stress  is 
only  h3rpothetical  (because  of  model  breakdown  and  real  surface  defects), 
it  results  in  a  valuable  criterion  of  surface  def ormability*  The  flatten¬ 
ing  stress  for  the  assumed  model  is 


0.237  <l> 

f  Q! 


which  indicates  that  for  any  elastic  material,  the  apparent  stress  to 
achieve  a  given  deformation  is  dependent  upon  only  the  average  asperity 
angle.  The  analogy  of  the  corrugated  tin  roof  helps  visualize  this  re¬ 
lation.  It  is  apparent  that  increasing  the  number  of  corrugations  per 
foot  will  increase  the  stiffness  of  the  structure  and  vice  versa. 

The  relative  importance  between  waviness  and  roughness  can  be  obtained 
by  computing  the  ratio  of  the  waviness  to  roughness  flattening  loads; 
therefore , 


r 
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In  most  cases,  the  roughness  will  not  be  flattened;  therefore,  the  above 
criterion  should  be  determined  using  the  actual  apparent  stress  applied. 


Deformation  of  Nodules 

The  treatment  of  nodular  deformations  is  the  same  as  for  roughness  ex¬ 
cept  for  the  introduction  of  a  density  function  0^)  and  a  slightly 
different  model  assumption.  Because  most  nodular  contacts  are  more 
round  than  elongated  and  quite  larger  than  opposing  roughness,  the  assumed 
model  is  a  sphere  on  flat. 

Comparison  between  contact  deformation  and  the  substrate  deflection  where 
the  contact  load  is  assumed  uniformly  distributed  over  the  nodule  base 
area  indicates  that  for  the  shallow  angles  of  the  nodules  considered  herein 
substrate  deflection  can  be  neglected.  As  with  the  roughness  model,  though, 
deformation  approaching  (b^)  results  in  a  breakdoTO  of  the  assumed  model 
and  real  flattening  loads  will  be  considerably  greater  than  calculated. 
Referring  to  Fig.  20,  the  derived  equations  are 


*m- 

9m 


«■!% 
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If  1,  these  equations  represent  a  flat  surface  contacting  a  surface 

comprised  entirely  of  spherical  caps.  Ratios  of  these  equations  with 
those  of  the  previous  models  for  surfaces  of  equal  height  and  wave¬ 
length  give  the  following  results; 


These  ratios  indicate  that  the  nodular  surface  is  not  only  more  compliant 
than  the  crossed  rods  model  hut  is  also  more  capable  of  supporting  a 
given  load  elastically.  The  load  to  flatten  is  nearly  the  same  for  both 

models.  The  reason  for  the  greater  compliance  and  strength  of  the  en¬ 
tirely  nodular  surface  is  because  it  is  not  sinusoidal;  therefore,  it 
has  more  effective  contact  area  per  wavelength  (X) . 

Of  primary  concern  in  this  analysis  is  the  flattening  stress  because,  in 
most  cases,  fully  separated  seat  leakage  would  be  quite  higb.  As  with 
waviness,  the  ratio  of  nodule-to-roughness  flattening  stresses  will  allow 
an  estimation  of  the  relative  importance  of  nodules 

S.  $ 

f  n  _  n  n 

S„  “  $ 

f  r  r 

If  the  seat  load  is  insufficient  to  flatten  nodules,  the  equivalent 
height  may  be  approximated  by  adding  the  nodular  space  to  the  equivalent 
heights  for  the  asperities  of  both  surfaces;  therefore,  the  general  ex¬ 
pression  is 

H  =  h-  6+  MH 

en  n  n 


4^ 


•»r, 
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The  load  to  flatten  nodules  or  waviness  subtracts  from  the  total  load  so 
the  roughness  deformation  expression  is  modified  accordingly 


5 

r 


36  oF"  h^ 


(s  -  s 
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Stress-Leakage  Equations 

The  deformation  and  leakage  flow  equations  previously  developed  may  be 
combined  to  obtain  a  composite  equation  relating  all  of  the  known  vari¬ 
ables.  While  such  an  expression  is  exceedingly  cumbersome  and  is  better 
handled  in  parts,  it  does  allow  at  one  viewing  a  consideration  of  all 
variables , 


Assumptions.  The  assumptions  leading  to  the  final  equations  are  as 
follows: 

1.  Leakage  flow  is  described  by  the  laminar  and  molecular  flow 
equations  for  parallel  plates.  Total  flow  is  the  sum  of  molec¬ 
ular  and  laminar  flow. 

2.  Appropriately  weighted  averaging  factors  may  be  used  to  obtain 
equivalent  parallel  plate  heights  for  calculating  leakage, 

3.  Seat  load  is  uniformly  applied  and  is  uniformly  distributed 
across  the  seat  land  (l) . 

4.  Mating  surfaces  are  sinusoidal  in  one  direction,  cross-layed  at 
90  degrees,  and  have  the  same  peak-to-valley  height  and  wave 
length  (there  are  no  superimposed  nodules  or  waviness). 

5.  Surface  deformation  equations  are  valid  up  to  3/2  of  the  yield 
strength  based  on  Vicker's  hardness  tests. 

6.  Hertz  theory  is  valid  for  peak  deformation  to  define  the  de¬ 
crease  in  up  to  some  value  to  be  determined  by  test. 
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Equations. 


m 


0.42 


0.257  ^ 
a 


2  2  5 

4.5  Oi  S 


1/3 


H  ,  =  0.68  (H  -  3/2  6) 

eL 


=  0.61  (H  -  3/2  6) 


H 


^1  ^2 


ff  D  H  (P,^ 
s  eL  1 
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NOTE;  RT 


,  D  H  „  (P.  -  P^) 

^  /TT  1 


L 


V  RT/g 


/  ,  RT 
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For 


P  =  14.7  psia 


70  F  =  530  R 

2 


=  32.2  ft/sec  =  1.39  X  10  in. 
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Composite  Equation. 


4.71  D  (P  ^  -  P 

^  "  ~I1  LT  [\  (H  -  f  5)J 


1.42  X  105  (P^  _  P^) 


V?  (H  -  f  6)_ 


Parametric  Sires s-Leaka,qe  Data 

Parametric  data  have  been  computed  from  the  previous  equations  in  support 
of  the  experimental  test  program.  The  poppet  and  seat  model  design  is 
shown  in  Fig.  21  with  appropriate  dimensions.  Test  and  configuration  con¬ 
stants  and  parameterized  variables  are  summarized  below  with  the  reduced 
equati ons . 


Test  and  Configuration  Constants.  The  test  and  configuration  constants 
are  as  follows: 


jMean  seat  diameter 
Seat  land  width 
Inlet  pressure 
Outlet  pressure 
Gas  temperature 
Gas  constant 
Ga.s  viscosity 


Dg  =  0.470  inch 

L  =  0.03  inch 

Pj  =  1015  psia 

P.)  ="  14.7  psia 

T  ==  70  F  =  330  Tl 

li  =  G()3  in.  /R  (nitrogen ) 

M  ■  4.4  X  10“^^  Ib-min/in.^ 
(ni trogen) 
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Reduced  Equations  for  l/2-Inch  Model  Seat,  'llie  reduced  equations  are  as 
follows : 

=  3.26  X  10^^  H 

J_i  6  Jj 

%  -  2.M  X  lo5  hJ 


Ql  = 

3.26  X  10^^  j 

1.36 

1 

.d 

1 _ ( 

^  36  h^ 

$2  ^ 

1/9- 

1 

) 

•iflf 

II 

2.49  X  10^ 

[1.22 

"--i  ' 

/'  36  ^2  g2  j^3  ^ 
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) 
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L 

<P 

- 

Q  -  Ql  + 


Material  Parameters, 


The  following  lists  the  material  parameters. 


Material 

Vickers 

Hardness 

Number 

kg/mm^ 

Yield 
Strength 
Criterion , 
ps  i 

Elastic 
Constant ,* 
l/psi 

Elastic 
Modulus  , 
psi 

440C 

Stainless  Steel 

800 

610,000 

0.0607  X  10“^ 

6 

30  X  10 

6O6I-T65I 

Aluminum 

123 

93,800 

-6 

0.182  X  10 

10  X  10^ 

Tungsten 

Carbide 

1330 

1,000,000 

0.0202  X  10~^ 

90  X  10^ 

*Poisson's  ratio, 


V  =  0.3 
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Surface  Profile  Parameters.  The  surface  profile  parameters  are: 


1.  Peak-to-valley  height  for  one  surface  (second  surface  identical), 
h=  1,  1.5,  2,  3,  4.5,  6,  9,  12  and  18  x  10  ^  inches 

NOTE:  These  h  values  correspond  to  approximate 
AA  values  of  1/3,  1/2,  2/3,  1.0,  l.j,  2.0,  3.0, 

4.0,  and  6.0  microinches  examined  in  the  experi¬ 
mental  program, 

2.  Average  asperity  angle,  *=  1/16,  l/4,  1  and  4  degrees  (must 
be  in  radians  for  use  in  equations). 

The  parametric  curves  of  leakage  vs  apparent  seat  stress  are  shown  in 
Fig.  22  through  24  for  the  constants  and  variables  noted  above.  The 
curves  cover  a  span  of  10^  scim  for  seat  stress  from  100  to  100,000  psi. 
The  basic  parameter  for  each  family  of  curves  is  h  (e.g,,  h  =  1.0  micro¬ 
inch)  with  variations  of  $  showing  the  span  from  typical  waviness  to 
roughness.  An  evaluation  of  these  curves  shows  the  effect  of  h,  and 
Ot  on  leakage. 

Interpreting  the  curves  requires  certain  precautions  and  observations . 
Multicycle  log-log  paper  can  he  very  misleading  because  of  the  great 
span  of  data.  For  example,  consider  the  scope  of  data  in  the  first 
cycle  (100  to  1000  psi)  in  relationship  with  the  second,  then  the  third. 
Also,  the  curves  represent  deformation  of  a  uniform  surface  and  not  the 
more  complex  model  of  knobs  on  knobs  on  knobs  proposed  by  Archard  (see 
Surface  Studies) .  The  effect  of  waviness  superimposed  on  roughness  (a 
beginning  of  Archard 's  model)  can  he  evaluated  by  subtracting  the  ap¬ 
parent  stress  to  flatten  waviness  from  the  total  available  apparent 
stress  to  arrive  at  a  final  leakage  value.  To  find  the  leakage  of  both 
waviness  and  roughness  when  waviness  is  not  eliminated,  the  waviness 
leakage  is  added  to  the  roughness  leakage  obtained  at  the  100-psi 
(essentially  zero)  stress  level. 


m- 


4H>>- 
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STRESS.  PSI 
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Figure  24„  Theoretical  Parametric  Stress 
vs  Leakage  Curves  for 
Tungsten  Carbide 
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Stress-leakage  data  for  other  test  conditions  and  valve  seat  configura¬ 
tions  may  be  obtained  by  applying  appropriate  ratios  of  the  variable 
parameters  to  the  governing  equations.  Because  the  total  leakage  de¬ 
scribed  by  these  curves  is  a  combination  of  laminar  and  molecular  flow, 
the  division  of  this  flow  must  first  be  determined  so  that  the  ratios 
may  be  applied  separately  to  each  term  of  the  total  flow  equation 
(q  =  Q  +  Q  ).  Figure  25  plots  the  ratios  of  Qw/Q  •md  Q./Q  in  percent 
for  the  parametric  data  curves  of  Fig.  22  through  24;  i.e.,  for  the 
specific  model  at  a  1000-psig  inlet  pressure. 
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CmCULAll  LAY  SURFACE  DEFORMATION  AM)  LEAKAGE 


The  improved  sealahility  of  circular  lay  surfaces  is  widely  recognized. 
However,  little  data  exist  for  specification  and  control  of  the  geometric 
circular  parameters  affecting  leakage.  Evaluation  of  finishing  methods 
and  experimental  poppet  and  seat  models  has  showi  that  the  ideal  case  of 
perfectly  circular  and  concentric  poppet  and  seat  roughness  lays  is  quite 
unlikely.  As  roughness  with  lay  is  much  less  than  across  lay,  the  leak¬ 
age  near  crest  contact  is  relatively  negligible.  Therefore,  the  signifi¬ 
cant  leakage  paths  will  result  from  the  eccentric  contact  of  circular  lay 
surfaces . 

Unlike  multidirectional  surfaces  having  a  nearly  uniform  flow  path,  the 
mating  of  circular  lay  poppets  and  seats  results  in  very  complex  geometry 
which  has  been  demonstrated  from  leakage  tests  to  be  extremely  load  sen¬ 
sitive.  The  purpose  of  this  analysis  is  to  first  examine  the  geometry 
of  a  simplified  circular  lay  model  to  define  the  probable  leakage  path, 
and  second  to  analytically  describe  the  change  in  this  path  resulting 
from  an  applied  load. 

As  with  the  previous  analysis,  the  assumption  of  a  sinusoidal  surface 
characteristics  serves  to  represent  the  roughness  with  Hertz  equations 
describing  contact  deformation  and  stress.  Both  surfaces  are  assumed  to 
be  identical  with  sinusoidal  crest  and  troughs  perfectly  circular. 


Circular  Lay  Model 

The  schematic  model  of  eccentric  circular  lay  surfaces  is  showai  in  Fig.  26. 
This  eccentric  overlay  of  two  sets  of  concentric  circles  represents  the 
crests  of  the  circular  waves.  Each  intersection  signifies  a  real  coni;act 
point.  From  the  indicated  constructions,  the  contact  angle  (^j.r)  and  the 
number  of  contacts  per  wave  length  in  one  quadrant  i^ay  be  deter¬ 

mined  as  follows. 


Ill 
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Figure  26.  Model  of  Eccentric  Circular  Lay  Surfaces 


I  1  <  ;  -  1*1 


=  e  cos  i/j; 


j/,  {^ 

ip-^  =  arc  cos  (1 

^90  "■  X  ’  e  ^  X 

vhere  (n)  signifies  the  specific  contact.  For  land  width  (l)  small  with 
respect  to  seat  diameter  (f*g)»  the  mean  length  of  each  intersection  is: 

D 

i-  =  (A<'>  ) 

N  2  ^  'N^ 

“  ‘^N-l 


Note  that  L  A  ^/2,  or  90  degrees.  It  can  be  seen  in  Fig.  26  that 

e/X  is  (4)  and  there  are  (4)  intersections  (^^q)  in  each  quadrant  per 
(radial)  wavelength.  Moreover,  the  distribution  of  contacts,  while  reg¬ 
ular,  is  not  uniform  over  the  seat  area,  as  ('^^)  is  much  greater  than 
The  equation  for  the  ratio  of  is: 


arc  cos 


arc  sin 


X 

e 


The  variability  of  this  ratio  is  show  below: 


X 

1 

1 

1 

e 

1 

4 

10 

100 

^90 

1 

4 

10 

100 

1 

2.86 

4.43 

143.0 

1 

^90 
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Leakage  Path 


The  leakage  flow  path  formed  by  the  model  surfaces  is  shovn  in  Fig.  27. 
With  no  applied  load,  each  surface  will  contact  at  vave  crests  resulting 
in  a  variable  sinusoidal  gap  equal,  at  the  maximum  spacing  between  con¬ 
tacts,  to  the  sum  of  the  peak-to-valley  height  of  each  surface.  The  flow 
space  along  contacts  (from  point  a  to  b)  varies  as  sfio^m  by  line  C.  As 
the  predominant  flow  path  will  follow  the  maximum  gap,  it  would  seem  that 
some  circumferential  flow  is  inevitable;  however,  the  circumferential 
length  of  path  is  very  long  compared  with  (L)  and, from  Fig„  27  radial 
flow  is  unrestricted  since  a  space  varying  at  contact  from  zero  to  (2h) 
and  between  contacts  at  a  constant  (h)  does  exist.  For  tbis  analysis, 
it  is  assumed  that  the  flow  path  may  be  approximated  by  the  appropriate 
average  of  the  space  described  by  line  C,  thus  neglecting  the  total  gap 
height  (2h);  Equivalent  parallel  plate  heights  based  on  the  sinusoidal 
shape  are : 


H  =  0.68  h;  H  ,  =  0.6l  h 
eL  eM 


Mechanism  of  Closure 


From  the  previous  analysis,  several  facts  become  apparent  which  partially 
explain  the  high  closure  rate  of  the  circular  lay  surface.  Comparison 
with  the  unidirectional  model  shows  that  the  circular  lay  model  will 
usually  have  considerably  fewer  real  contacts.  The  number  of  circular 
lay  contacts  (N^)  is 


N 

c 


4eL 


(e^  X) 


whereas  the  number  of  contacts  for  the  crossed  unidirectional  lay  model 
is  given  by: 


N 

u 


77D  L 
s 
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Thus 


N  77D 
u _ s 

N  “  4e 
c 

As  (D^)  is  much  greater  than  (e),  the  real  contacts  of  the  circular  lay 
surface  will  he  loaded  proportionately  more  and  accordingly  will  have 
greater  deformation  than  the  unidirectional  model. 

Of  greater  significance  is  the  amount  of  deformation  required  by  these 
model  surfaces  to  effect  full  closure.  For  the  assumptions  made,  the 
circular  lay  surfaces  must  only  deform  one-half  of  the  peak-to-valley 
space  (h  at  line  C,  Fig.  27)  while  the  unidirectional  surfaces  must  de¬ 
form  some  definitely  larger  amount  (assumed  3/2  h). 

From  these  observations,  it  is  apparent  why  circular  lay  surfaces  have  a 
higher  leakage  shutoff  rate  than  even  smoother  unidirectional  lay  surfaces. 

Of  further  consideration  is  the  effect  of  load  upon  contact  geometry. 

From  the  study  of  nodules,  it  was  shown  reasonable  to  assume  small  sub¬ 
strate  deformation  under  a  contact  compared  with  contact  deformation  be¬ 
cause  of  relative  stiffnesses.  This  indicates  that  deflection  is  uniform 
over  the  seating  surface,  but  due  to  the  nonlinear  distribution  of  contacts 
and  their  varying  contact  geometry,  the  load  will  be  distributed  accord¬ 
ing  to  the  dictates  of  deformation  and  contact  geometry. 


Deformation  Equations 

The  solution  for  the  load  deformation,  elliptical  contact  area,  and  stress 
is  based  upon  equations  presented  in  Ref.  6l,  28,  and  29.  These  indefinite 
equations  are  complex,  involving  elliptical  integrals.  Because  of  the 
extremely  small  contact  intersection  angle  (^),  some  simplifications  may 
be  made;  however,  the  solution  for  apparent  stress  and  load  involving  a 
summation  of  individual  contact  loads  must  be  obtained  by  trial  and  error 
by  assuming  a  deformation  and  solving  for  the  parameters  of  each  contact. 


Il6 


The  elliptical  contact  area  and  orientation  is  shovn  in  the  sketch  below 
with  the  equation  for  intersection  angle  (^): 


il 


% 


■  m 


.  ,  I  /"NJ 

.  arc  tan  j-  =  j-  - 

N  N  s  N 

The  shape  of  the  contact  ellipse  depends  upon  the  wave  contact  radii 
(R^_,  Fig.  27)  and  the  angle  (^)-  These  parameters  are  related  by  the 
expression: 

A  _  (1  -  k^)  (K  -  E) 

®  ’  E  -  (1  _  k^)  K 

where  (k)  and  (e)  are  complete  elliptic  integrals  formed  with  modulus  (k) 
and,  further: 

^  (  XV 

v%"  '*  “w 

Examination  of  these  functions  has  shown  that  for  arc  sin  k  82  degrees, 
the  above  function  may  be  accurately  represented  by  an  empirical  logrLthmic 
(base  10 )  equation,  since  (k)  and  (e)  are  very  close  to  one.  Thus,  for 
values  of  a/b  <  0.044  (K  >  3.^),  the  above  equation  may  be  reduced  to: 

/3.95  D 

log  (  - ^ -  )  =  0.868  Kj.  -  log  -  l) 
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For  limited  solutions  additional  simplification  results;  thus: 

4  >  <  100 


=  1.396 


0.961 


\  =  2.72 


/:  3.95 1)3  A^t, 

(^log — ^ — 


0.961 


4  >  <  20 


^  =  1*293  Gn 


3.95  D 

=  2.586  log  - - 


Semimajor  and  semiminor  axes  of  the  contact  ellipse  are  found  from: 

1/3 

-  1;  I 

^  32  7T  h 


X  a,. 

i\ 


Individual  contact  load  corresponding  to  a  given  deflection  (6) 

given  by: 


P..  = 


2  TT  aj^  6 


N  3 


Go! 


ttd^a^n  /5MIV-1) 


IS.' 


is 
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Average  contact  stress  is  the  load  divided  by  contact  area.  Based  on  the 
Hertz  normal  stress  distribution,  the  raaxiniuni  contact  stress  occurring;  in 
tlie  contact  center  is  3/^  times  the  average,  or; 


CN 


_  -A.  /  5  h 
qX  V 


Therefore,  for  any  given  deflection,  the  maximum  contact  stress  is  nearly 
the  same  for  all  contacts  (since  does  not  vary  appreciably).  The  max¬ 
imum  allowable  individual  contact  stress  is  based  (as  before)  upon  the 
relationship  between  subsurface  shear  and  yield  strength  (y)  in  normal 
tension  with  maximum  allow'able  individual  contact  load  given  as: 

P 

.1  Nm  ~  .1  y 

2  n  a.,  "  2 


Nm 


36.2  h^ 


1 


Contact  stress  90  degrees  from  the  lay  tangent  point  is  maximum;  there¬ 
fore,  (fi^jjj)  should  be  computed  for  this  point. 


Although  the  assumed  model  breaks  do\m  for  deflections  approaching  (h/p), 
the  theoretical  load  to  flatten  is  of  interest  for  evaluation  of  signifi¬ 
cant  variables  and  comparison  with  the  unidirectional  lay  model.  Because 
of  the  relatively  large  circular  separation  between  contacts,  it  will  be 
assumed  that  (6)  must  equal  (h)  for  complete  flattening;  individual  con¬ 
tact  load  is  given  by: 


^Nf  "  ^5^ 


3/2 
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As  the  load  increases,  the  contact  serainiajor  axes  increase  to  close 

off  the  radial  flow  path.  It  is  coincident  with  gap  closure  =-  li )  that 
adjacent  lengths  nearly  contact.  This  relationship  is  shown  by  t!io  follow¬ 
ing  ratio; 

{J72j^  -  j  h  K,. 

Thus,  for  (6  =  h),  the  ratio  is  very  nearly  one  for  all  contacts.  For 

a  ■■=  1/2: 


X 

4  VX-  -  1 


This  indicates  tlie  contact  width  (2hj^)  will  usually  he  less  than  1  10  of 
the  wav'^e  length  (X).  The  contact  geometry  near  closure  is  illustrate  d  by 
Fig.  28  where  the  ellipse  geometry  is  shotvTi  undistorted  by  adjacent  ma¬ 
terial.  Actually,  the  deformed  contact  geometry  would  he  biased  to  folloiv 
line  C  of  Fig.  27* 

Figure  28  shows  that  the  load  has  both  a  significant  effect  on  the  radial 
length  of  flow  path  and  the  entrance  openings  available  for  the  effluent 
to  enter  the  seat  land.  At  zero  load,  the  entire  circumferential  land 
length  (--TTD^)  is  available;  however,  as  increases  with  load,  the 

entrance  will  be  proportionately  reduced,  and  the  flow  will  be  forced  to 
zig-zag  circumferentially  in  moving  radially  across  the  land  (l).  The 
effective  land  length  may  be  idealized  as  the  differential  between 

the  mean  diametral  length  (tt  D  )  and  the  summation  of  the  contact  lengths. 
Because  the  ratio  (2a/'t')  does  not  vary  appreciably  with  (n),  the  nominal 
effective  width  is  given  by: 


where  an  average  value  for  K  may  be  used. 
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Apparent  Seat  Stress 


Total  load  is  found  by: 


F  =  4  (^)  S  Pj 


N 


Apparent  stress  for  circular  lay  is  defined  as: 


rh 


®  -f 

c  A 


4  if)  S  4  S  P^ 


N 


7T  D  L  IT  D  X 

s  s 


Apparent  flattening  stress  is  given  by: 

3/2 


Comparison  of  Unidirectional  and  Circular  Lay  Deformation 


Circular  Lay  Parameters.  The  folloving  circular  lay  parameters  are  assumed 
for  a  single  common  data  point  computation  vith  the  basic  test  and  con¬ 
figuration  constants  previously  presented  for  the  unidirectional  lay  model 
unchanged : 


Peak-to-val ley  height 

Wavelength 

Deflection 

Lay  Eccentricity 

From  this  and  previous  input  data. 


h  =  1.0  X  10  inch 
X  =  50.0  X  10  ^  inch 
6  =  0.1253  X  10"^  inch 
e  =  0.0005  inch 

following  parameters  are  determined: 


1.  Average  roughness  angle: 


2h 

X 


0.04  radians 


2.29  degrees 
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Circular  lay  contacts: 


\ 


llJ 


^90  =  X  = 


N  =  ^  =  2.4  X  10^^ 
c  ^2 


3.  Maximum  al lovable  individual  contact  load  for  contact  (N  =  10 ) 
is : 


PfOm  "  0-391  pound 

Additional  parameters  computed  for  each  contact  (N  =  1  at  tangent  point 
to  N  =  lO)  are  shovn  in  Table  2.  The  basic  variable  reflected  by  this 
data  is  the  contact  intersection  angle  which  is  inversely  propor¬ 

tional  to  (A  ■',()  ) .  The  smaller  the  intersection  angle,  the  stiffer  the 
JN 

contact  becomes,  thus  requiring  a  greater  load  for  a  given  deformation. 


From  the  tabulated  data,  the  final  parameters  controlling  leakage  may  be 
determined . 


Total  load,  F^  =  4  (y)  X  =  64.8  pounds 

F 

Apparent  stress,  — —  =  1462  psi 


The  flattening  load  at  N  =  10  (point  of  maximum  stress)  is 

3/2 

(■^)  =  22.4  (l.84  X  10  ^)  =  0.041  pound 


or  considerably  under  the  maximum  allowable  load,  therefore  well  within 
the  elastic  limit.  Apparent  flattening  stress  is: 

S  ^  =  22.5  S  =32,900  nsi 
cf  c 

Reduction  in  flow  width  will  be  the  nominal  33-5  percent  reflected  by 
tbe  2a/'6  ratio  of  Table  2. 
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TABLE  2 


COMPUTED  CIRCULAPl  LAY  DEFORMATION  PARAMETERS 


N 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

W,  degrees 

0.0270 

0.0634 

0.0803 

0.0925 

0,1016 

0.1086 

0.1146 

0.1180 

0.1203 

0.1215 

A.’t),  degrees 

25.9 

11,02 

8.70 

7.56 

6.87 

6.43 

6.11 

5.92 

5.79 

5.75 

't,  inches 

0.106 

0.0452 

0.0357 

0.0310 

0.0282 

0.0264 

0.0250 

0.0243 

0.0238 

0.0236 

K 

10.93 

9.96 

9.69 

9.5'i 

9.43 

9.35 

9.30 

9.26 

9.24 

9.23 

3 

P,  pounds  X  10 

7.04 

3.28 

2.66 

2.35 

2.16 

2.03 

1.936 

1.888 

1.850 

1.840 

3 

a,  inch  x  10 

17.8 

7.57 

5.97 

5.19 

4.71 

00 

4,17 

4.04 

3.96 

3.94 

^  g 

b,  inch  X  10 

1.333 

1.400 

1.421 

1.431 

1.436 

1.436 

1.446 

1.446 

1.450 

1.455 

psi  X  10 

1.410 

1.473 

1.494 

I.5O8 

1.515 

1.522 

1.526 

1.530 

1.531 

1 . 532 

2aA 

0.337 

0.336 

0.335 

0.335 

0.335 

0.335 

0.335 

0.335 

_ 1 

0.335 

0.335 

Unidirectional  Lay  Parameters.  The  number  of  contacts  within  the  apparent 
contact  area  is  given  by 


N 


u 


17  D  L 

s 


1.77  X  10^ 


or  738  times  the  number  obtained  for  the  circular  lay  model. 

From  the  unidirectional  lay  analysis,  the  deflection  corresponding  to 

(S  =  S  )  is  given  as 
c  u 


6  - 

u 


'^6  a  s  ii 


1/3 


=  0.0562  X  10“^  inch 


or  about  one-half  that  obtained  for  the  circular  lay  model, 


Flattening  stress  for  the  unidirectional  surfaces  is  based  upon  (6  =  3/4  h) 
and  is 


0.257'i> 

\f  " — a -  "  169,000  psi 

or  over  five  times  that  required  for  the  circular  lay  surface.  It  should 
be  noted  that  the  previous  assumption  of  rising  valleys  have  little  effect 
on  the  above  result  since  closure  for  the  unidirectional  model  based  upon 
(6^  =  h)  results  in  a  flattening  stress  of 

S  „  =  =  111,000  psi 

uf  6  a  ’  ^ 

which  is  still  significantly  larger  than  It  is  thus  apparent  that 

from  only  a  deformation  view,  the  circular  lay  model  will  experience  a 
greater  reduction  of  lealcage  than  its  unidirectional  lay  counterpart. 

Laminar  Leakage  Comparison.  For  the  circular  case,  the  ratio  of  unloaded 
to  loaded  leakage  is  given  by: 
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3 


=  2.26 


Q  @  S  =  1462  psA 

Q  @  s  =  0  .  r 


For  the  unidirectional  case 


W 

V/ 


Q  @  S  1462  ~psi' 
Q  @  S  =  0 


1.14 


which  shoA^^s  the  circular  lay  surface  to  he  a  more  effective  closure 
configuration. 


SFAT  L/h\T)  CONTACT  STRESS  DISTRIDIJTION  AND  DEFORM/VTION 

For  the  previous  analyses,  tlie  flat  total  land  widths  of  equal  width  (L) 
resulted  in  a  nearly  uniform  distribution  of  the  axial  load  radially 
across  the  land.  Each  real  contact  (for  the  assumed  model)  could  thus  he 
expected  to  deform  equally.  In  many  cases  of  valve  seating,  this  condi¬ 
tion  will  not  exist.  The  contact  stress  distribution  will  be  nonlinear 
and,  hence,  may  be  a  controlling  factor  in  the  definition  of  effective 
land  contact  widtli  (l)  and/or  profile  deformation,  Vvith  simple  curved 
land  shapes,  the  Hertz  analysis  provides  equations  for  stresses  and  de¬ 
formation.  However,  more  complex  contacts  which  have  not  been  analytically 
defined  must  be  evaluated  through  comparative  estimates  based  on  simplified 
analyses  and  experiment. 

Contact  stress  distribution  and  deformation  equations  for  defined  cases 
are  summarized  in  tlie  following  paragraphs.  These  equations  have  been 
extracted  from  Ref.  6l  and  28.  Special  cases  of  complex  contacts  have 
also  been  evaluated  to  ascertain  the  degrees  of  difficulty  associated  in 
effecting  a  solution.  For  one  of  tliese,  prevalent  in  seating,  the  equa¬ 
tions  for  contact  stress  and  length  have  been  derived. 


Sharp  Corner  Seat  Land 

The  v'al\’'e  seat  having  sharp  corners  mating  with  a  wider  popjjet  land  may 
be  idealized  as  a  flat,  rigid  block  on  flat  plate.  Although  the  normal 
contact  stress  distribution  is  based  upon  an  inelastic  block  with  zero 
friction,  it  does  provide  insight  into  the  real  case  AV^herein  corner  stresses 
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IJecorae  very  large,  often  resulting  in  plastic  deformation  of  both  members 
and  seat  corner  fracturing.  The  contact  schematic  and  equations  are 
shovTi  below: 


For  the  real  case,  it  is  apparent  that  plastic  flow  or  fracturing  with 
brittle  materials  would  relieve  the  high  corner  stress  wfiich  would  result 
in  a  more  uniform  pressure  distribution  across  the  seat  land.  Neverthe¬ 
less,  the  contact  stress  near  the  edge  could  be  many  times  greater  than 
the  apparent  stress  (s)„  This  would  result  in  a  greater  asperity  deform¬ 
ation  at  the  seat  ID  and  OB  which  may,  therefore,  be  the  primarj^  sealii^ 
areas.  The  net  effect  would  be  to  cause  a  central  channel  into  which 
leakage  could  gain  entrance  and  exit  through  flaws  or  scratches  on  both 
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sides  of  the  seat  land  but  which  do  not  necessaril)^  bridge  the  land. 

V/liere  corner  conditions  are  neglected,  this  could  he  the  significant  leak¬ 
age  path. 


Cro-tvTied  Poppet  and  Seat 

This  case  occurs  when  either  or  both  poppet  and  seat  are  fully  croivned 
and  is  idealized  mating  toroid  sections.  It  is  assumed  that  the  con¬ 
tact  width  (across  L)  is  small  with  respect  to  the  seat  diameter.  The 
seat  and  contact  stress  distribution  schematic  with  applicable  equations 
are  sho™  below: 
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2^  l6  a 


As  before,  the  maximum  allowable  contact  stress  is  assumed  as  3/2  the 
normal  tension  yield  strength.  Therefore,  maximum  allowable  load  is: 


where  Y  is  the  weaker  material  yield  strength. 

For  minimum  leakage,  the  maximum  land  contact  length  is  necessary.  How¬ 
ever,  to  preclude  the  potentially  damaging  edge  contacts  indicated  in  the 
rigid  block  case,  the  real  contact  length  (2^)  should  be  somewhat  less 
than  (L)  under  maximum  loading.  As  (2^')  approaches  (L)  under  load,  the 
unconstrained  edges  will  result  in  greater  w'idth  (2^)  than  predicted. 
Nevertheless,  the  load  flattening  to  reach  this  point  does  provide  a 
design  limit.  Unless  stresses  are  near  the  elastic  limit,  it  is  assumed 
that  corner  radii  and  elasticity  in  both  surfaces  will  be  adequate  to 
compensate  this  error.  The  load  to  flatten  crowned  surfaces  is  given  by 
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or,  since  full  land  contact  is  assumed,  the  (apparent)  flattening  stress 
is: 


C  _  _ i - 

f  “  TT  D  L 


l6  a 


=  a 

avg 


By  allowing  one  of  the  radii  to  become  very  large,  the  preceding  equations 
are  reduced  to  the  case  of  a  cylinder  on  flat  plate. 


Dubbed  Seat 


In  practice,  the  preceding  two  cases  rarely  occur.  Corner  radii,  edge 
roll  or  duboff,  and  land  taper  are  usually  present  to  some  degree.  Since 
equations  describing  these  complex  conditions  are  not  available  in  the 
literature,  their  derivation  was  undertaken.  Because  of  the  difficulty 
of  solution,  only  the  case  of  the  "dubbed"  seat  land  was  completed.  To 
supplement  the  analytic  solution,  the  feasibility  of  photoelastic  tech¬ 
niques  was  also  examined.  The  results  of  this  study  are  presented  follow¬ 
ing  the  derivation. 

The  analytical  model  considered  is  illustrated  below: 

p 


I 
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Assumptions  applicable  to  this  model  are: 

1.  The  materials  composing  poppet  and  seat  are  homogeneous,  isotropic, 
and  linearly  elastic. 

2.  The  physical  problem  can  be  considered  as  a  two-dimensional  plane- 
streas  problem,  provided: 

2  (a  +  r)  « 

3-  The  length  of  the  contact  surface  is  such  that: 
t«  (a  .  r) 

4.  The  contact  surfaces  are  perfectly  smooth  and  frictionless. 

The  following  solution  is  based  upon  the  work  of  N.  I.  Muskhelishvili 
(Ref.  62).  The  surfaces  1  and  2  can  be  represented  mathematically  as 
follows . 


Surface  1  (Sj^). 

y^  =  0  ;  -  ra  ^  X  = 

Surface  2  (^2)- 

^2  "  -  (^  +  =  X 

>2  =  0 

^^'2  "  -R^;  -t  ^  X  =  (-6  +  r) 

Diff er- 

(1) 


Representation  of  S^^  outside  the  above  range  is  not  considered, 
entiating  these  equations  gives: 


Oy 


1 


dx 


0 


_  CD  =  X  ^ 
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The  following  quantity  is  defined  with  f (x  )  an  even  function; 

f(x)s  (3) 


Contact  Length.  For  this  case,  the  length  (2-t)  of  the  contact  surface, 
is  given  by  the  following  relationship: 


Substituting  Eq.  1,  2,  and  3  into  4  yields: 


o  o 
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Substitute  this  into  the  above  integral  to  obtain: 


vhich  vhen  integrated  and  simplified  yields: 


This  corresponds  to  the  problem  of  a  cylinder  in  contact  vith  a  flat  plate. 
In  the  classical  solution  to  this  problem,  it  is  assumed  that  1; 

thus. 


OFR 

o 


ff  D 

s 
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or 


4c^ 


7T^  D 


coi'responcling  to  the  previous  solution  for  =  * . 

2 

Returning  to  Eq.  7,  dividing  both  sides  by  a  and  letting 
2aFR 


and 


TT  D  a 

s 


T  =  — 
a 


R 

0 


gives 


2 

= 

ro  1  ro 
+ 

-(r^  -  1)'/^ 

5  1 

__  2p  \ 

L  p  2pJ 

-sin  {-) 


,  -  2^ 

+ 

^  2  2 
2p  8jp  y 


(8) 


For  sufficiently  large  p,  and  assuming  T  is  near  (l),  then 
2 

/-  Z  ,  \l/^  '‘i  .  -1 

_  (T  -  1  )  ^  -T  sin  I  , 

T 


n  ~  /  2  ,  n1/2  2  .  -1  ,1n 

■n  =  —  -  (t  -  1)  ^  -T  sin  (-) 


(9) 
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Contact  Stress  Distribution.  T?ie  stress  distribution  at  tiie  contact  sur¬ 
face  is  given  by  the  relationship: 


jo  2  J 

^  ’  2770!  J 


f  (t)  dt 
(t  -  x)Jl^  -  t^ 


This  formula  appears  incorrectly  in  Muskhelishvili ’ s  book  (Ref„  62,  p.  493)' 
Since  f^(t)  is  odd,  -f^(-t)  =  f^(t),  and  f^(t)  =  0,  [  x  [<  a,  thus; 


ct(x)  = 


f"  f'(t) 

a  WT7 


r  1  j, _ 1 

Lt  +  X  t  -  XJ 


Approximating  f‘^(t),  a  ^  t  ^  b,  by  f^(t)  =  ^  ^  gives: 


a (x  )  =  ~  ""  t  -  f>)  r'.^ _ +  _ 

'■  277R  0!  j  L  2  ,2  Lt  +  X  t 

o  a  -t 


277R  a  a(x) 

-^p===g=r  =  A  (a,  I,  x)  +  A  (a,  I,  -x) 


v/here 


A  7  f  ^  =  r  (t  -  a)  dt 

'■  '  i  -  ?  (t  -  x) 


From  (Ref a  63),  the  follo%ving  integrals  are  recorded  after  letting  v  =  t  - 

,2  2 

X,  c=t  -x,b=  -2x  and  d  =  -1: 


.  ^  r  dv _ ^ 

•^1  j  7  7  ^  2-,l/2 

I c  +  bv  +  dv  J  ' 


.  -1  2d  V  +  b 
=  -sin  — : 


.  -1/V  +  X 


_(b“  -  4dc) 


(^) 


I 


provided , 


1„  b*”  >  4dc  implies  that  hx~  ^  -4  +  4x^  or  0  >  -4 


(This  is  always  satisfied  since  ('t^)  is  real.) 

A/2 


2,  [2dv  +  hi  <  (h"  -  4dc) 


V  +  X 


<  I 


or  t  <  -d-  (This  is  satisfied  at  all  points  in  the  interval  (a, 
"d- )  except  at  the  end  point  where  t  =  -t  and  sin  ^(l)  =  tr/2.) 


4  " 


I 


dv  1.1  2(cV)^/^  2c 

- =  -T  ^ -  +  ■ —  +  h 

r  T  J  2nl/2  C  V  V 

Lc  +  hv  +  dv  J  ' 


whe  re 


2  2 

c  >  0  implies  that  x  <  -t 


V  =  c  +  hv  +  dv 


Substitute  and  into  Eq.  13  and  obtain: 


Now, 


A  (a,  I,  x) 


.  -1  V  +  X  .  (a  -  x)  . 

+  sin  — f +  - —  bn 

w  c 


^  _  9v 
V  V 


-1  t-? 


(14) 


(cV)l/2  .  [(i2  _  ,2)2  _  (^2  _  ^2)  _  ^2  (^2  _  ^2)JlA 


(cV) 


1/2 


I- 


-  x^)"  -  2x  (b^  -  x^)  (b-x)  -  (b-x)^  (b^  -  x^)j 


(l5a) 


1/2 
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and 


=  Jl-  ~  -2x  -  x“)  (a-x)  -  (a-x)^  -  x^)^ 

.  -  x=^)  (.2  . 

Substitute  Eq,  15  into  Eq.  14  to  obtain: 


vith  A  (a,  ~x)  found  similarily.  Introducing  Fq.  l6  into  Eq.  13  and 

using  nondiniensional  parameters  {y  =  x/a)  and  (t  =  -b/a),  the  contact  stress 
distribution  is  given  as: 
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Foi'  the  following  special  cases,  Q(y)  becomes 


Q(o)  =  sin“'^  (^)  -In 


1  /I 


-t-  T 


Q(l)  =  7T  -2  sin  ^  {b-  -^In  l\  Jt'^-1 

t"^-1 


and 


Q(t)  =  0 


For  a  =  0  (i,e.,  cylinder  on  flat  plate)  the  stress  distribution  becomes 


TTll^fX  a(s)  =  f  y  b-b 


or 


ct(x)  = 


2a  R 


But,  for  a  =  0,  it  v/as  shov.Ti  that 
^  hn/FR 


R 


Therefore, 


pimi 


Ct(x)  = 


D 


o  2 

—  -  X 


2  a  R 


and 


a(o)  =  a  =  a 

max  c 


y  iT“ 


a  R  D 
o  s 


which  checks  with  the  previous  solution  with  = 
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Parametric  Results.  The  previous  analysis  permits  the  determination  of 
the  deformed  contact  surface  length  (2t)  and  correspondirg  stress  distri¬ 
bution  C7(y).  A  limited  range  of  parametric  data  has  been  computed  and  is 
presented  in  Fig.  29  and  39.  The  following  steps  are  taken  to  solve  a 
specific  problem: 

2aFR 

1.  Calculate  ^ 

TTD  a 

s 

2.  Solve  for  (r )  by  trial,  or  enter  Fig.  29  with  O  and  read  T  to 
obtain  -?>  =  aT 

3-  Using  the  value  of  T,  locate  appropriate  distribution  of  Q(y)  in 
Fig.  30. 

4.  To  find  O'(y),  read  Q(y)  at  any  value  (y)  from  0  to  T  and  multiply 
by  a/iTR^a 

3-  If  only  a  ----  G  or  a  .  is  desired,  enter  Fig.  29  with  value 
max  c  min  ^ 

of  (t)  and  proceed  as  in  step_ 4 

From  Fig.  30,  it  is  apparent  thajt  local  stresses  near  the  contact  edge  can 
be  much  greater  than  at  the  center  4epending  upon  the  geometry.  Further¬ 
more,  the  range  of  stress  distribution  shapes  ^vill  vary  in  between  those 
presented  for  the  previous  two  cases  (flat  block  and  cylinder).  Therefore, 
effective  sealing  will  generally  be  achieved  in  locations  of  greatest  con¬ 
tact  stress,  how'ever,  this  is  not  without  due  regard  to  necessary  contact 
1 ength . 


Photoelastic  Feasibility  Study.  To  supplement  the  analytic  solution,  a 
feasibility  study  was  undertaken  to  determine  if  photoelastic  techniques 
could  be  applied  to  the  contact  problem.  The  goals  of  this  study  were  as 
follows; 

1.  Determine  if  stress  concentrations  caused  by  surface  roughness 
would  prevent  accurate  fringe  order  readings  in  the  vicinity  of 
the  contact  surface 
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2.  Determine  if  the  model  could  be  properly  loaded  in  existing  fix¬ 
tures 

3.  Verify  stress  distribution  predicted  by  analysis 

4.  Determine  whether  photoelastic  techniques  can  be  employed  in  the 
the  study  of  more  complex  poppet  valve  contact  problems,  such  as 
those  illustrated  below: 


1 

1 

\y  /  /  /  /  \ 

1 

V  /  /  /  /  /  \ 

1 

rn 

1 

\ 

1 

1  ^ 
1 

R 

1 

e) 

j 

7  1 

1 

1 

1  R* 

0 

1 

1 

1 

b  Larg 

I 

Procedure.  A  model  consisting  of  a  flat  plate  and  probe  simulating  the 
seat  and  poppet  respectively,  was  constructed  from  3/8  inch  C.R,  -39j 
photoelastic  plastic.  The  probe  had  a  1-inch  flat  machined  onto  a  4-inch 
radius  cylindrical  surface  as  shoAvn  below: 


^  Load 


The  geometry  of  the  photoelastic 
model  did  not  coincide  with  the  math¬ 
ematical  model  used  in  the  analysis, 
i.e.,  the  center  of  curvature  of  the 
photoelastic  model  is  on  the  axis  of 
symmeti^^,  whereas  in  the  mathematical 
model,  it  is  displaced  a  distance  (a), 
parallel  to  the  seat.  The  limited 
scope  of  this  feasibility  study  did 
not  permit  the  construction  of  a  more 
refined  model »  A  photograph  of  the 
photoclastic  model  is  show  in  Pig.  31. 
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Figure  3I.  Photoelastic  Model  Showing  Isochromatic 
Fringes 


Figure  32.  Magnified  View  of  Isochromatics  Near 
Contact  Surface 
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Results  and  Discussion.  Figure  32  is  a  magnified  view  of  the  loaded  model 
showing  the  isochromatic  fringes  in  the  neighborhood  of  the  contact  sur¬ 
face.  The  straight  lines  which  appear  in  the  photograph  are  a  gridwork 
which  was  lightly  scratched  onto  the  surface  of  the  unloaded  model.  In¬ 
spection  of  this  photograph  reveals  that  local  disturbances  on  the  contact 
surface  did  not  perturb  the  fringe  pattern  and  the  fringe  order  could  be 
read  as  close  as  1/2  of  a  grid  spacing  (O.O5  inch)  from  the  contact  surfac 

The  existing  loading  fixtures  in  the  photoel a.stic  laboratorj^  were  found  to 
be  adequate  for  studying  models  of  this  type.  However,  it  was  found  that 
the  alignment  of  the  model  in  a  plane  perpendicular  to  the  line  of  sight 
of  the  polariscope  was  very  important  in  achieving  a  stress  state  that 
was  invariant  through  the  model  thickness.  Slight  variations  in  alignment 
resulted  in  indistinct  isoclinics  and  consequently  inaccurate  principal 
stress  directions. 

The  fringe  order  and  principal  stress  directions  were  evaluated  at  each 
gridpoint  along  the  first  and  second  gridlines  located  0.10  and  0.21  inch 
from  the  contact  surface.  The  method  of  shear-differences  was  used  to 
calculate  the  stress  distribution  cr('y)  along  the  first  gridline.  A  plot 
of  this  stress  distribution  is  shoivn  in  Fig.  33.  A  comparison  of  the 
shape  of  this  pressure  distribution,  and  the  one,  analytically  determined 
at  the  contact  surface  (see  Fig.  3^,  T  =  I.IO)  shows  good  agreement.  The 
maximum  occurs  near  the  intersection  of  the  flat  and  radius,  and  the  mini¬ 
mum  occurs  on  the  axis  of  symmetry.  Because  of  the  difficulty  discussed 
in  the  previous  paragraph,  and  the  fact  that  the  photoelastic  and  analytic 
models  are  not  identical,  no  comparison  of  numerical  values  is  made. 

In  general,  it  can  be  concluded  that  photoelastic  methods  can  be  of  sub¬ 
stantial  aid  in  the  analysis  of  valve  seating  contact  stresses. 


Model  Seat  Parametric  Data 


Comparative  data  for  the  crowned  and  dubbed  seat  lands  are  shown  in  Fig. 
34  and  33.  The  model  schematically  illustrated  on  each  graph  is  the  same 
as  previously  described  for  support  of  the  experimental  program.  For  the 


Normal  Stress  on  Gridline  0.10-Tnch  From 
Initial  Contact  Surface 


Apparent  Spat  Stress,  psi 


Figure  34. 


CroAvned  Seat  Contact  Land  Width  vs  Apparent  Seat  Stre 


Apparent  Seat  Stress,  psi 


ft  11  11  t 


crowned  seat,  contact  land  width  (2't-)  is  plotted  vs  apparent  seat  stress 
(f/tt  L)  with  the  crown  radius  (ll)  and  duljoff  height  (z)  as  parameters. 
Seat  contact  land  width  change  {'2'^  -  2a)  for  a  =  0.005  inch  is  sho\v'n  vs 
apparent  seat  stress  for  the  duhhed  configuration. 


For  each  of  these  configurations,  contact  stresses  over  the  contact  area 
defined  by  (2^)  are  much  greater  than  apparent  stress.  For  example,  at 
R  =  3  inches  (Z  =  37-5  mi  croinches ) ,  the  cro^vned  seat  land  width  at  3000- 
psi  apparent  stress  is  0.0091  inch;  average  and  maximum  contact  stresses 
are : 

"avs  '  -  *50  PS. 


a 

c 


4 

"TT  avg 


12,600  psi 


At  3000-psi  apparent  seat  stress,  the  dubbed  seat  land  width  change  for 
R^  =  3  inches  (Z  =  l6.7  raicroinches)  is  O.OO67  inch  (2t  •-  O.OI67),  result¬ 
ing  in  the  following  stresses: 

'^avg  =  C  0?0167  )  =  5W0  psi 


a 

max 


=  7420  psi 


Reducing  increases  the  maximum  stress  0^ ,  e.g,,  with  the  same  conditions 
above  (S  =  3OOO  psi)  except  (R^)  reduced  to  0,01  incli,  land  width  (2-^)  be¬ 
comes  0.01017  for  an  increase  of  only  O.OOOI7  inch  and  (ct^)  is  increased 
to  o9,300  psi.  Thus,  what  might  seem  a  generous  corner  radius  actually 
causes  a  dangerously  high  contact  stress  which,  if  augmented  by  impact  loads 
and  tangential  forces,  will  cause  plastic  flow  or  fracturing  in  many 
materials . 
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NOMENCMTIKE 


* 


-« 


The  nonienclature  listed  helov;  represents  only  those  variables  and  parameters 
of  basic  importance  in  final  derived  eq^nations.  Notations  employed  in  de- 
velopinfj  solutions  and  wliich  may  be  duplicated  hut  v/ith  different  meaning 
are  defined  in  text.  A  pound,  inch,  minute  system  of  units  has  been  used 
in  all  analyses. 


AA 


a 


“n 

A 


A 

sp 


■"N 


D 

AD 

D 

s 

e 

E 

F 


g 

h 


h 

e 


h 

o 

h 

P 

ti 

q 


=  arithmetic  average,  micro  inch 
=  radial  half  width  of  initial 

=  circular  lay  semimajor  contact  ellipse  axis,  inches 

=  7T  L,  apparent  seat  land  contact  area,  sq  in. 

=  ^  apparent  seat  land  normal  projected  contact  area, 

sq  in. 

=  circular  lay  semiminor  contact  ellipse  axis,  inches 
=  nodule  base  diameter,  inches 

sphe  rical  or  cylindrical  diameter,  inches 
=  differential  between  spherical  or  cylindrical  diameter,  inches 
=  mean  seat  diameter,  inches 

=  eccentricity  of  circular  lay  surfaces,  inches 
=  elastic  modulus,  psi 
=  total  normal  seat  load,  pounds 

6  /  .  2 

gravitational  acceleration  constant,  1.39  x  10  in. /mm 

=  maximum  flow  height  (gap)  between  smooth  surfaces  or  peak-to- 
valley  heiglit  for  one  surface,  inches 

=  equivalent  parallel  plate  height  between  smooth  surfaces  or 
for  one  surface,  inches 

=  h  -  h^,  out-of-parallel  height,  inches 

=  smooth  parallel  plate  height,  inches 

=  perpendicular  seating  gap  90  degrees  from  contact  for  tilted 
conical  poppet,  inches 
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H  =  maximum  peak-to-valley  height  for  two  contacting  sinusoidal 
surfaces,  inches 

IT  =  equivalent  parallel'  plate  height  for  two  contacting  sinusoidal 
surface,  inches 


]( 


N 


L 


L 

e 

L 

P 

M 


N 


N 

c 


N 

u 


P 


elliptic  integral,  circular  lay  contact 

contact  half  width  (radial)  for  crowned  or  dubbed  seat  land, 
inches 

circumferential  length  between  circular  lay  contacts,  inches 
total  radial  seat  land  width,  inches 

effective  seat  land  w'idth  for  tilted  conical  poppet,  inches 

total  radial  projected  seat  land  width,  inches 

li  /h,  laminar  or  molecular  flo’s/  maximum  height  weighting 
factor 

circular  lay  model  contact  number 

number  of  circular  lay  contacts  in  one  quadrant 

number  of  circular  lay  contacts 

number  of  unidirectional  lay  contacts 

laminar  taper  flo’Sv'  wwigliting  factor 

pressure,  psia 


I’  =  specific  circular  lay  contact  load,  pounds 

q  =  out-of-round  gap  for  tilted  conical  poppet,  inches 

Q(y)  =  contact  stress  distribution  parameter  for  dubbed  seat 

Q  =  flow,  cubic  inches  per  minute  at  14.7  psia  and  70  F,  scim 

r  =  chord  radius,  inches 

R  =  spherical  or  cylindrical  radius,  inches;  or  specific  gas 

constant,  in./R 

AR  =  differential  between  spherical  or  cylindrical  radii,  inches 

R  =  roll-off  radius  for  dubbed  seat,  inches 

R  =  mean  seat  radius,  inches 

s  ’ 


1^ 


ui- 


0^ 
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S 

■=■ 

total  normal  apparent  seat  contact  stress,  psi 

r.- 

apparent  seat  stress  to  flatten,  psi 

s 

m 

= 

maximum  allowable  apparent  seat  stress  based  upon  real  con¬ 
tact  yield  strength,  psi 

T 

= 

temperature,  R 

..J 

v; 

= 

77  D^,  mean  circumferential  seat  land  length,  inches 

\V 

e 

= 

effective  circumferential  land  lenppth  for  circular  lay  sur- 

faces,  inches 

>  1 

X 

= 

independent  distance  variable,  inches 

y--m 

Y 

surface  yield  strength,  psi 

Z 

chordal  lieight,  inches 

Greek  Syn 

alj  0 1  s 

- 

a 

= 

elastic  constant  for  two  contacting  surfaces,  l/psi 

i3 

= 

density  function  or  angle,  radians 

'»NI* 

y 

= 

x/  a 

6 

= 

svirface  deformation,  inches 

... 

c 

= 

surface  deformation  factor 

'Ml* 

0 

= 

poppet  and  seat  included  half  (seating)  angle,  radians 

A  0 

= 

differential  seating  angle  (i„e.,  taper  angle),  radians 

X 

- 

wave  length,  inches 

«a 

• 

= 

viscosity,  Ib-min/sq  in. 

u 

= 

Poisson's  ratio 

«• 

77 

=-• 

3.1416.  .  . 

P 

= 

gas  density,  Ib/cu  in. 

• 

afx 

), 

* 

a(y 

)  = 

contact  stress  distribution,  psi 

• 

a 

c 

= 

maximum  contact  stress,  psi 

" 

T 

= 

f-/ a 

m 
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* 

m 

Y  =  (tilt)  angle  betvreen  conical  poppet  and  seat  axes,  radians 
^  =  2h/X  ,  average  sinnsoiclal  slope,  radians 

^ '.Xt  =  sector  angle  between  circular  lav  contacts,  radians 
CO  we  i  ght  f  1  o wrat e ,  Ib/mi n 

=  load  parameter  for  dubbed  seat 


Subscripts 

1  =  inlet  conditions  or  surface  (l) 

2  =  outlet  conditions  or  surface  (s) 

BS  =  ball  seat 

c  =  circular  or  compressible 

e  =-■  equivalent  or  effective 

f  =  flattening 

i  =  incompressible 

L  =  laminar  factor  or  flow 

m  =  maximum  alio wab 1 e 

M  =  molecular  factor  or  flow 

n  =  nodule 

N  -  specific  circular  lay  contact 

p  =  poppet 

r  =  roughness 

s  -  scratch 

u  =  unidirectional 

w  =  wav i ness 
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TEST  FIXTURES 


The  stages  of  operation  in  poppet-type  valves  are  full  open,  partially 
open,  just  contacting,  and  fully  closed  or  loaded.  Additionally,  the  nor¬ 
mal  valve  must  undergo  these  stages  of  operation  for  numerous  cycles  (lOO 
to  more  than  1,000,000).  Thus,  the  investigation  of  valving  operation 
must  involve  a  test  fixture  capable  of  fimctioning  like  a  valve  while  per¬ 
mitting  accurate  measurements  of  position,  loads,  pressures,  leakage,  and 
other  pertinent  parameters.  In  consideration  of  these  requirements,  test 
fixtures  were  designed  to  provide  the  following  evaluation  capabilities: 

1.  Near-seated  flow  and  resultant  forces 

2.  On-seat  leakage  as  a  function  of  pressure,  load,  surface  texture, 
and  basic  geometry 

3-  Cycling  in  a  controlled  manner  with  measurements  of  impact  loads 

All  design  considerations  were  predicated  on  the  fundamental  requirement 
that  test  fixtures  used  to  investigate  these  parameters  should  have  mini¬ 
mal  influence  on  the  data  so  obtained.  The  indicated  accuracy  and  pre¬ 
cision  ultimately  attained,  particularly  for  the  load-leakage  parameter, 
was  such  as  to  be  considered  a  reference  datum.  Thus,  similar  to  the  use 
of  gage  blocks  as  a  measurement  standard,  the  resultant  seating  data  form 
a  basis  of  comparison  for  performance  of  like  surfaces  in  actual  valving 
applications . 

Two  fixtures  were  employed  in  the  test  program.  The  initially  fabricated 
unit  was  utilized  for  off-seat  and  initial  load  cycle  on-seat  testing  and 
is  subsequently  called  the  static  tester.  The  second  fixture  (cycle 
tester)  provided  the  tool  for  cyclic  performance  investigations.  The  fol¬ 
lowing  paragraphs  describe  pertinent  design  features,  certain  fabrication 
and  development  procedures,  basic  capabilities,  and  cycle  tester  design 
analyses . 
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TEST  EIXTUHE  DESCRIMION 


Both  testers  have  similar  load  application  and  measurement,  test  model 
retention,  and  basic  operational  characteristics.  The  static  tester 
built  for  the  initial  program  effort  (Ref,  37),  formed  the  development 
tool  from  which  design  refinements  were  established  and  subsequently 
incorporated  in  the  cycle  version.  Although  details  of  static  tester 
design,  fabrication,  and  development  are  presented  in  Ref.  37,  pertinent 
information  is  reiterated  to  permit  comparative  discussion  of  both  test 
fixtures.  Detail  drawings  for  both  units  in  their  final  version  are  pre¬ 
sented  as  Fig.  36  and  37. 


Loading  Method 

The  first  design  featvire  to  be  established  was  that  the  test  model  poppet 
be  loaded  by  a  pneumatically  pressurized  piston.  Primary  advantages  of 
such  a  method  are  system  simplicity  and  cleanliness,  availability  of  high- 
pressure  gases  and  necessary  control  components,  and  ease  of  control  for 
both  static  and  dynamic  testing. 

Selection  of  piston  size  represented  a  compromise  influenced  by  such  con¬ 
siderations  as  reasonable  pressurization  levels  required  to  produce  suf¬ 
ficient  stress  in  the  model  seat  land  and  a  length-to-diameter  (l/d)  ratio 
large  enough  to  minimize  poppet-seat  parallelism  deviation.  A  nominal 
piston  diameter  of  1.5  inches  (loading  area  of  1 .767  sq  in.)  was  selected 
having  an  0.0001-  to  0.0002-inch  piston-bore  diametral  clearance  and  an 
L/D  ratio  of  approximately  5.  Assuming  a  minimum  bottle  supply  pressure 
of  1500  psig,  the  resultant  maximum  seat  load  is  265O  pounds,  correspond¬ 
ing  to  a  seat  stress  of  approximately  6O, 000  psi  for  a  0. 300-inch  OD, 
0.03-inch  land  width  seat.  (The  selection  of  seat  dimensions  also  involved 
compromise  and  w’as  based  on  a  diameter  and  land  width  representative  of 
actual  valves,  amenable  to  fabrication  and  inspection.  Furthermore,  in 
conjunction  with  loading  piston  design,  these  dimensions  must  make  possible 
the  establishment  of  stress  levels  encompassing  typical  rocket  engine  pop¬ 
pets  and  seats.) 
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Load  Measurement  Instrumentation 


Model  poppet  and  seat  loads  were  measured  by  a  pressure-loaded  piston  and 
electronic  devices.  These  independent  methods  provided  a  variety  of  data 
and  also  means  for  cross  correlation. 


Pressure-Area  Method.  The  relationship  of  accurately  applied  control 
pressure  and  the  precisely  known  piston  area  provided  a  convenient  method 
of  determining  model  loading.  It  was  used  exclusively  for  stress-leakage 
tests  in  both  static  and  cycle  testers  and  for  strain  gage  resistor  and 
piezoelectric  load  cell  static  calibration.  For  initial  contract  load- 
distribution  tests,  the  pressure  area  load  measurements  served  as  svip- 
porting  correlation  for  strain-gage  load  cell  readings  (lief.  37). 


Strain-Gage  Load  Cells.  This  system,  initially  employed  in  static  tester 
development  and  correlation  of  pressure-area  load  data,  used  a  Baldwin- 
Lima-Hami 1  ton  type  SR-4  etched  constantan  foil  strain  gage  (P/N  FABX- 12-12). 
This  unit  consisted  of  two  identical  gages  with  strain  axes  90  degrees 
opposed,  one  mounted  directly  on  the  other  with  a  bakelite  backing.  Each 
piston  leg  (load  cell)  used  four  of  these  gages  mounted  with  one  element 
of  each  parallel  and  the  other  perpendicular  to  the  piston  centerline. 

This  provided  four  active  elements  wired  in  series  to  amplify  input  strain 
with  four  dummy  elements  providing  temperature  compensation.  Each  load 
cell  comprised  the  active  leg  of  a  bi'idge  circuit,  used  a  separate  ampli¬ 
fier,  and  through  suitable  switching,  the  output  could  be  individually 
displayed.  Load  cell  range  was  3000  pounds  maximum  per  cell. 

The  units  were  attached  to  the  tester  piston  legs  with  a  heat-curing 
epoxy  bond  after  initial  lapping.  (Final  piston  lapping  was  accomplished 
after  strain-gage  installation,  checkout,  and  calibration.)  During  pre¬ 
liminary  testing,  hysteresis  appeared  to  be  a  problem  but  was  virtually 
eliminated  by  curing  the  load  cell  epoxy  bond  for  2-1/2  days  at  300  F. 
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A  Consolidated  Electrodynamics  Corp ,  (CEC)  high-frequency  power  supply 
was  used  for  the  10-volt,  3-lvilocycle  reference  voltage  and  a  CEC  113-B 
system  for  amplification  and  demodulation  of  the  load  cell  output  signal. 
The  information  was  displayed  on  a  Leeds  and  Northrup  direct-inking  chart 
recorder . 

As  reported  in  Ref.  37  each  load  cell  was  initially  calibrated  with  a 
dead  weight  system  to  100  pounds  load.  Higher  load  calibration  was  per¬ 
formed  on  an  Instron  testing  machine.  Calibration  resistors  were  estab¬ 
lished  for  full-scale  readings  of  30,  100,  300,  1000,  and  3000  pounds. 

Net  system  accuracy  was  well  within  3  percent  of  the  applied  load  and 
load  changes  of  0.3  percent  of  full  scale  (O.l  pound  at  the  30-pound 
range)  could  be  detected. 

As  noted  in  subsequent  paragraphs,  the  instrumented  piston  was  transferred 
to  the  cycle  tester  for  follow-on  effort  dynamic  load  measurement.  The 
aforementioned  3-kilocycle  system  had  inadequate  response  characteristics 
and  was  replaced  for  these  later  tests  by  d-c  energization  and  amplifica¬ 
tion  equipment.  This  arrangement  used  a  Microdot,  Inc.,,  power  supply 
with  a  Dynamics  Instrument  Co.  d-c  amplifier.  Output  data  were  displayed 
on  a  Tektronix  dual-beam  oscilloscope  with  Polaroid  camera  attachment. 

The  initially  made  calibration  resistors  were  satisfactorily  rechecked 
and  used  in  the  dynamic  system.  Supplemental  periodic  resistor  calibra¬ 
tion  checks  were  performed  with  the  piston  pressure-area  loading  method. 


Piezoelectric  Load  Cell.  In  addition  to  the  piston-mounted  strain  gages, 
a  piezoelectric  load  cell  (O-  to  20,000-pound  range)  was  installed  in  the 
cycle  tester.  This  unit,  a  quartz  crystal  device  shaped  like  a  thick 
washer,  was  made  by  the  Kistler  Instrument  Corp.  Used  with  a  Kistler 
electrostatic  charge  amplifier  and  oscilloscope  output  display,  it  pro¬ 
vided  stable,  wide-range,  high-frequency  response  dynamic  load  data. 

Normally,  such  devices  are  somewhat  temperature  sensitive.  As  installed, 
however,  the  load  cell  was  wi’ung  to  the  tester  baseplate  and,  in  turn, 
covered  by  the  test  model  seat  as  shown  in  Fig.  37»  The  intimate  contact 
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with  relatively  massive  cycle  tester  parts  and  isolation  from  ambient  air 
currents  permitted  drift-free  static  as  veil  as  dynamic  measurements. 
Although  the  unit  had  a  20, 000-pound  maximum  range,  it  produced  a  remark¬ 
ably  pure  d-c  signal  such  that,  with  suitable  charge  amplifier  and  oscil¬ 
loscope  amplification,  load  levels  as  lov  as  50  pounds  were  accurately 
measured . 

The  piezoelectric  load  cell  system  could  be  calibrated  either  by  direct 
loading  or  insertion  of  a  reference  d-c  signal  through  the  amplifier.  The 
additional  complications  of  the  latter  method  were  undesirable  so  the 
piston  pressure-area  method  of  calibration  loading  was  used.  System 
integrity  and  the  previously  noted  isolation  from  thermal  gradients 
resulted  in  extremely  stable  operation.  Calibration  settings  could  be 
maintained  for  days  without  adjustment.  As  with  the  dynamic  application 
of  the  strain-gage  system,  piezoelectric  load  cell  output  was  displayed 
on  the  Tektronix  oscilloscope  screen. 


Hydrostatic  Bearing 

A  system  for  centering  the  piston  in  the  body  during  testing  was  employed 
to  eliminate  friction  and  rigidly  support  the  piston.  The  design  was 
based  on  the  radial  forces  acting  on  a  piston  when  axial  flow  through  the 
clearance  between  piston  and  cylinder  exists.  With  flow'  through  a  diverg¬ 
ing  or  converging  clearance  of  an  eccentric  piston,  an  as\Tiimetrical  pres¬ 
sure  distribution  is  set  up  which  will  develop  a  radial  force  acting  to 
either  force  the  piston  against  the  cylinder  (diverging  flow)  or  center 
it  in  the  cylinder  (converging  flow).  The  former  condition  often  produces, 
in  piston-type  control  valves,  a  condition  called  "hydraulic  lock" 

(Ref.  64).  An  application  of  the  latter  case  was  used  in  both  testers  to 
create  a  tyjje  of  hydrostatic  bearing.  To  minimize  w'ear,  provide  electri¬ 
cal  insulation,  and  good  antiseizure  characteristics  when  unpressurized 
or  contaminated,  both  pistons  were  aluminum  oxide  flame  plated  (Linde 
process ) . 
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As  initially  designed  (lief.  '^7),  the  static  tester  piston  was  tapered  at 
each  end  such  that  a  condition  of  reducing  diametral  clearance  from  top 
and  bottom  land  grooves  to  a  center  land  existed.  Pressurization  (film 
pressure)  at  the  outer  ends  would  then  cause  a  converging  flow  toward  the 
piston  center  with  a  resultant  self-centering  effect.  To  preclude  gaseous 
leakage  past  the  outer  lands  into  the  control  pressure  and  leak  collection 
cavities,  Si\£-70  oil  was  initially  used  as  the  film  fluid  with  a  nitrogen 
gas  pressurant.  Experiments  indicated,  however,  that  out-of-round  or 
waviness  discrepancies  on  the  test  poppet  end  of  the  piston  (bottom)  cre¬ 
ated  a  force  which  cocked  the  piston  at  this  end  (hydraulic  1 ock) .  Inter¬ 
connecting  passages  were  therefore  blocked  and,  w'ith  the  piston  pressur¬ 
ized  at  the  top  end  only,  the  problem  was  eliminated. 

It  was  further  noted,  that  with  flow  toward  the  piston  center,  a  relatively 
short  righting  or  centering  moment  was  created.  If  the  taper  direction 
had  been  reversed  and  the  piston  pressurized  such  that  film  pressure  flow 
was  directed  from  piston  center  to  each  end,  a  larger  moment,  and  hence, 
more  effective  centering  force  would  have  resulted.  However,  top  taper 
pressurization  proved  adequate  for  initial  (static)  tests  which  were  com¬ 
pleted  without  further  experimentation  or  rework.  Wlien,  for  follow-on 
effort,  a  separate  cycle  test  unit  was  required,  hydrostatic  bearing  design 
improvements  were  incorporated  in  both  testers. 

In  the  redesigned  configuration,  fabricated  tapers  were  eliminated.  Analy¬ 
sis  indicated  that  simply  by  center  pressurization,  the  body  and  piston 
would  elastically  deform  (the  piston  constricting  and  the  body  expanding) 
sufficiently  to  form  the  desired  tapered  flow  passages  outward  to  each 
piston  end.  From  the  results  of  static  tester  development  tests,  it 
appeared  that  the  success  of  this  scheme  depended  upon  better  control  of 
piston-bore  roundness  and  straightness  deviations. 

Two  pistons  had  been  made  during  initial  static  tester  fabrication.  The 
first  was  used  for  early  development  tests  but  geometrical  discrepancies 
of  the  lapped  tapers  resulted  in  poor  centering  characteristics.  The 
aluminum  oxide  was  completely  ground  from  this  piston  which  was  then 
replated  and  prelap  ground  (oversize)  at  the  close  of  the  initial  program. 
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The  second  piston,  used  with  tapers  for  initial  static  tests,  was  instru¬ 
mented  with  strain-gage  load  cells.  To  provide  additional  dynamic  load 
measurement  capabilities,  this  piston  was  allocated  for  cycle  tester  use 
while  the  first  was  reworked  to  fit  the  static  tester. 

The  static  tester  piston  was  lapped  to  a  120-  to  130-microinch  body  dia¬ 
metral  clearance,  straight  within  15  microinches.  End  lands  were  50  micro¬ 
inches  smaller  than  the  center  section  to  preclude  edge  contact  in  the 
maximum  cocked  position.  The  body  was  not  reworked  hut  remeasurement 
indicated  the  bore  central  section  was  1.500075-inch  diameter  instead  of 
1.500120  inch  as  reported  in  lief.  57.  (it  should  he  noted  that  diametral 
measurement  values  quoted  involved  use  of  both  air  gage  and  mechanical 
comparator  instruments  and  represent  averages  of  a  finite  number  of  data 
points.  Because  all  portions  of  a  given  diameter  were  not  lapped  simul¬ 
taneously  and  both  setup  and  basic  measurement  instrument  accuracy  must 
be  considered,  net  diametral  clearances  are  estimated  accurate  to 
±20  microinches.) 

Tests  using  piston  center  pressurization  w'ith  gaseous  nitrogen  indicated 
the  static  tester  piston,  as  reworked,  would  "float"  as  a  near-frictionless 
bearing  at  350  psig.  At  450  psig,  the  piston  withstood  a  IO5  in. -lb  moment 
(about  the  piston  center)  without  diametral  contact.  Similarly,  at  film 
pressures  of  7OO  and  1100  psig,  cocking  moments  of  210  and  310  in. -lb, 
respectively,  could  be  accoimnodated .  This  represented  a  considerable 
improvement  over  the  initial  tester  (approximately  60  in. -lb  moment 
resistance  at  1000  psig)  and  all  further  static  tests  w^ere  performed  with 
this  configuration  using  a  more  than  adequate  600-psig  film  pressure. 

Because  of  potential  damage  to  the  installed  strain  gage  load  cells,  the 
piston  to  be  used  in  the  cycle  tester  was  not  recoated.  Instead,  the  OD 
was  lapped  to  remove  existing  tapers.  Final  piston  diameter  was  1.498000 
with  the  end  lands  10  to  20  microinches  smaller.  (This  accounts  for  the 
difference  in  static-cycle  tester  piston  areas  noted  in  the  Experimental 
Test  Progrcun  section.)  The  cycle  tester  body  bore  was  matched  to  this 
diameter  and,  by  multiple  straight-rod  lapping,  was  made  round  and  straight 
enough  to  achieve  hydrostatic  bearing  action  with  only  50  microinches  nom¬ 
inal  diametral  clearance. 


163 


Performance  tests  with  center  piston  pressurization  indicated  the  piston 
floated  with  only  100-psig  film  pressure.  At  300  psig,  resistance  to  a 
cocking  moment  in  excess  *of  I50  in. -lb  was  demonstrated.  To  ensure  a 
safe-operating  margin  with  such  a  small  diametral  clearance,  however, 
operating  pressure  was  established  at  6OO  psig.  It  is  interesting  to 
note  that,  with  the  noted  clearance,  gas  consumption  was  quite  low.  For 
example,  at  the  ()00-psig  film-pressure  level,  a  total  flowate  of  only 
35-scim  nitrogen  was  measured. 


Model  Position  Measurement 


As  shown  in  Fig.  36  and  37,  both  testers  utilized  40-pitch  (micrometer) 
screw  threads  for  axial  test  poppet  positioning.  An  indicator  lapped  to 
a  sharp  point  was  attached  to  the  screw  thread  handwheel  while  a  machin¬ 
ist's  steel  scale  with  0.01-inch  graduations  was  epoxy  glued  to  the  tester 
body  or  endcap .  With  known  thread  pitch  and  scale  circumference,  the 
relationship  between  screw  axial  and  rotational  motion  could  be  precisely 
detemined  and  indicated  by  pointer-scale  incremental  changes.  To  aid 
scale-reading  resolution  a  5-power  lens  was  mounted  over  the  scale,  mak¬ 
ing  possible  interpolation  to  ±0.001  inch  (scale),  or  approximately  ±2 
microinches  axial  travel. 

For  dynamic  displacement  measurement,  a  Model  KB50  (Crescent  Engineering 
and  Research  Co.)  variable  reluctance  position  transducer  was  used.  As 
sho™  in  Pig.  37,  the  unit  was  mounted  in  the  dashpot  with  the  moving  slug 
threaded  into  the  dashpot  piston  shaft.  The  transducer  was  powered  by  a 
CEC  Model  127,  20-kilocycle  carrier-amplifier,  a  self-contained  power  sup¬ 
ply,  demodulator,  and  amplifier  system. 

The  static  tester,  used  for  all  precision  off-seat  tests,  employed  a  lapped 
and  polished  1.5-inch-radius  ball  joint  between  screw'  thread  and  piston. 

In  this  manner,  a  nearly  perfect  geometric  contact  was  achieved  and  the 
effect  of  thread  abnormalities  and  contact  area  w'aviness  on  axial  dis¬ 
placement  (as  interpreted  by  rotary  motion)  was  rendered  insignificant. 
Dashpot  geometrical  considerations  precluded  use  of  the  same  type  joint 
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on  the  cycle  tester.  Axial  displacement  accuracy  in  this  tester  was  not 
critical,  however,  and  the  dashpot-piston  joint  was  essentially  used  as 
a  thrust  bearing. 

During  initial  evaluation  tests,  it  w'as  noted  that  the  17-4  PH  (R^45) 
dashpot  cap  had  galled  in  turning  on  the  440C  (R^60)  guide.  The  galled 
area  was  polished  and  a  Mylar  w'asher  inserted  between  the  two  surl'aces. 

(This  also  served  to  electrically  isolate  the  piston  from  the  dashpot 
body).  Although  the  loading  bearing  of  both  testers  was  lubricated  with 
centerpoint  lube,  only  the  cycle  tester  exhibited  a  galling  problem. 

Repeatability  of  linear  measurements  and  an  accurate  reference  datum  was 
provided  by  an  electrical  contact  system.  The  aluminum  oxide  plating  on 
both  pistons  provided  electrical  insulation  from  the  tester  body.  Addi¬ 
tional  insulation  in  the  flexure  poppet  mounting  system  and  at  other 
potential  contact  points  effectively  isolated  test  poppet  from  seat.  A 
flashlight  battery,  resistor,  and  microammeter  connected  in  series  w'ith 
the  poppet  and  seat  permitted  indication  of  no-load  contact  between  the  tw'o . 


Model  Position  Control 


To  achieve  angular  and  radial  position  repeatability  in  case  of  model 
disassembly  and  retest,  the  poppets  were  provided  -with  a  V-groove  which 
was  located  to  the  piston  through  a  retaining  ring  with  a  set  screw. 

The  piston,  in  turn,  was  oriented  to  the  tester  body  through  the  retaining 
ring  with  a  flexure  device  which  prevented  rotary  motion  while  offering 
insignificant  axial  force.  The  test  seats  and  tester  body  base  were  wit¬ 
ness  marked  permitting  orientation  within  O.OO3  inch  at  the  1.5-in.ch  OD. 
Concentricity  and  clearances  of  the  fixture  details  were  controlled  to 
maintain  less  than  0.0008-inch  total  eccentricity  between  the  poppet  and 
seat  guide  diameters, 

Basic  parallelism  control  was  established  by  lapping  the  piston  leg  bear¬ 
ing  surfaces  (feet)  parallel  to  the  baseplate.  This  procedure  involved 
several  operations.  First,  the  baseplates  were  lapped  parallel  within 
3  microinches  over  the  0.50-inch  nominal  seating  diameter,  (in  the  case 
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of  the  cycle  tester,  this  parallelism  was  measured  hetvreen  the  attached 
piezoelectric  load  cell  face  and  baseplate  bottom.)  The  baseplate,  body, 
and  piston  vere  assembled,  film  (centering)  pressure  applied,  and  the 
tester  set  upright  on  a  granite  surface  plate.  Individual  piston  feet 
vere  then  indicated  relative  to  the  surface  plate  and  lapped  to  match. 
Final  net  parallelism  deviation  between  piston  feet  and  the  surface  to 
which  test  model  seats  were  moimted  (baseplate  or  load  cell)  did  not 
exceed  6  microinclies  over  the  nominal  O.pO-inch  seating  diameter. 

For  the  majority  of  surface  evaluation  tests  where  seating  compliance 
only  was  critical  and  repeated  poppet-seat  separation  (hence  positive 
retention)  not  a  factor,  a  ball  joint  loading  system  was  used.  This 
arrangement  (shown  in  Fig.  36,  detail  P)  nullifies  tester  and  model  paral¬ 
lelism  deviations  and  permits  free-floating  surface  mating.  Surfaces  so 
tested  were  uniform  and  a  slight  radial  shift  was  noncritical.  Similarly, 
rotary  positioning  to  the  degree  afforded  by  the  flexure  system  was  not 
essential . 


Leakage  Collection 

Both  testers  employed  an  0-ring  sealed  cover  which  could  be  slipped  down 
over  the  test  cavity  for  leak  collection  proposes.  Instrumentation  cables 
vere  also  passed  through  this  cover  with  sealed  receptacles.  This  leak 
collection  method,  however,  was  used  only  for  relatively  large  flow,  i.e., 
in  excess  of  approximately  3-5  scim.  For  smaller  flowrates,  a  volume- 
reducing  arrangement  was  employed  as  described  in  the  E;xperimental  Tost 
Program  section. 


Velocity  Control 

The  cycle  tester  incorporated  a  variable-orifice  (needle  valve)  hydraulic 
dashpot  for  impact  velocity  control  (Fig.  37).  This  imit  was  provided 
with  a  spring-piston  pressurized  reservoir  to  form  a  "stiff"  system  and 
replenish  fluid  lost  through  0-ring  seal  leakage.  Dashpot  piston  and 
shaft  bearing  area  clearances  were  designed  such  that  metal-to-metal 
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contact  could  not  occur  even  under  worst  eccentricity,  abnormiility,  or 
diametral  tolei’ances  ,  The  shaft  was  thus  electrically  isolated  (a  neces¬ 
sity  for  electrical  contact  tests)  and  could  not  form  wear  particles. 
MIL-H-5606  hydraulic  fluid  was  used. 

The  dashpot  was  an  integral  part  of  the  precision  screw  thread  used  for 
piston  positioning  and  formed  a  housing  for  the  position  transducer.  It 
could  he  separated  from  the  tester  piston  hy  removal  of  two  lock  screws 
accessible  through  adjacent  pressure  ports. 


TEST  FIXTURE  ASSEMBLY  PROBLEMS 

As  reported  in  Ref.  "7  static  tester  assembly  problems  were  minimal. 

The  major  setbacks  encountered  were  in  the  piston  centering  arrangement 
and  establishment  of  an  adequate  strain  gage  load  cell  system.  Function¬ 
ally,  the  cycle  tester  vns  almost  trouble-free  but  a  severe  assembly  gall¬ 
ing  problem  occurred.  An  undesirable  effect  of  surface  texture  on  mating 
parts  assembly  dimensions  also  was  detected  during  static  and  cycle  tester 
assembly  and  parallelism  measurements. 


Cycle  Tester  Galling 

During  initial  assembly  checkout,  the  lanolin-lubricated  dashpot  cap 
(Fig.  37,  -I5  detail)  seized  when  thi’eaded  into  the  body.  Approximately 
400  ft-lb  torque  failed  to  unthread  the  galled  member  and  only  by  packing 
the  cap  with  dry  ice  was  removal  effected.  Minor  polishing  and  lapping 
rework  failed  to  improve  significantly  the  threading  action  and  more  pos¬ 
itive  measures  were  undertalien  which  ultimately  resulted  in  satisfactory 
performance . 

The  cap  was  reworked  by  removing  0.001  inch  from  the  pilot  diameter  and 
0.002  to  0.003  inch  from  the  thread  crest.  Its  pilot  diameter  and  40- 
pitch  threads  were  liquid  honed  and  both  threads  and  pilot  ditimeter  were 
coated  with  two  layers  of  dry  film  lubricant  (molybdenum  disulfide  in 
resin  base).  The  body  pilot  diameter  was  honed  to  remove  high  spots  then 
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highly  polished  with  special  emphasis  on  all  corner  radii  .  An  additional 
lubrication  of  extreme  pressure  moly-lithium  grease  was  applied  to  the 
cap  pilot  diameter  while  its  threads  were  treated  with  ]iP  air-di'ill  hear¬ 
ing  oil. 

During  reassembly,  the  dashpot  body  (Fig,  37,  -9  detail)  seized  in  the 
cap  and  could  not  he  removed.  Fortunately,  all  subassembly  details  had 
been  installed  and  it  was  possible  to  oil  fill  and  bleed  the  unit.  The 
bypass  l/S-inch  hall  valve  had  been  assembled  so  that  free-flow  return 
of  the  plunger  was  allowed.  Although  a  redesigned  cap  was  fabricated, 
the  dashpot  remained  operable  throughout  the  test  program  and  replacement 
was  not  necessary.  The  galling  problems  noted  may  he  attributed  to  the 
combination  of  design  and  fabrication-assembly  errors  enumerated  below: 

1.  Long  thread  and  pilot  diameter  engagement  should  have  been 
avoided  where  possible.  When  galling  occurred,  the  affected 
area  had  to  traverse  an  excessive  distance  during  removal  with 
attendant  additional  damage.  A  point  on  the  dashpot  cap,  for 
instance,  from  a  nominal  bottomed  condition  would  move  more 
than  l6  linear  feet  before  threads  were  disengaged.  Even  the 
dashpot  body  with  coarse  threads  would  traverse  more  than 

3  feet. 

2.  Material  choice,  though  differential  hardness  existed,  was 
improper.  The  17-^  PH  steel  is  susceptible  to  contamination 
caused  metal  upset  with  subsequent  galling.  With  the  redesigned 
dashpot  cap,  hard  chrome  plate  would  have  been  utilized  as  an 
antiseize  measure. 

3.  The  specified  detail  parts  surface  roughness  was  not  commensurate 
with  the  clearances  involved.  The  use  of  lapped  and  polished 
surfaces  ins  tead  of  as-ground  l6-microinch  AA  finish  (undoubtedly 
with  typical  grinding  waves)  would  have  been  a  deterrent  to  galling. 

4.  Tester  body  and  dashpot  cap  threads  were  independently  ground 
without  benefit  of  the  match  lapping  operation  practiced  with 
the  static  tester,  (in  the  latter  unit,  the  male  thread  was 
made  first  and  the  female  counterpart  successively  tapped  and 
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lapped  to  match.  Larger  thread  size  and  tester  body  hulk  made 
this  approach  impractical  in  the  case  of  the  cycle  tester.) 
Though  not  proved,  'it  is  suspected  that  a  thread-pilot  diameter 
axis  abnormality  existed  in  the  cycle  tester  body  which  caused 
rubbing  of  the  dashpot  cap  pilot  diameter  and  thus  contributed 
to  the  gall  problem. 

5.  Finally,  the  use  of  lanolin  and  other  similar  lubricants  with 
poor  antigall  properties  during  initial  assembly  attempts  was 
incorrect  and  may  have  precipitated  the  problem. 


Surface  Texture  of  Mating  Farts 

Prior  to  cycle  tester  assembly,  the  baseplate,  piezoelectric  load  cell, 
and  seat  were  lapped  parallel  within  a  few'  microinches.  Individual  part 
parallelism  deviation  was  measured  and  recorded.  When  the  three  pieces 
w'ere  WTiuig  together,  the  net  parallelism  deviation  did  not  reasonably 
agree  w'ith  the  sum  of  individual  measurements.  It  was  determined  that 
the  aluminum  oxide  wet  slurry  lapped  surfaces  (about  2-microinch  AA) 
were  covered  wAth  10-  to  20-microinch  high  nodules  characteristic  of  this 
lapping  process.  Wliile  not  detected  by  stylus  instrument  parallelism 
chocks,  the  nodules  (acting  like  springs)  prevented  intimate  contact, 
hence  the  noted  stackup  discrepancy.  The  surfaces  concerned  W'ere  then 
diamond  lapped  to  remove  protuberances,  separately  inspected,  and 
reassembled.  This  time  the  net  stackup  measurement  correlated  wAth  indi¬ 
vidual  values. 

When  the  effectiveness  of  the  diamond-lapped  surface  was  proved,  all 
hearing  areas  w'ere  similarly  rew'orked  using  1-  to  5-micron  diamond  com- 
poimd.  The  resulting  surface  w^as  equivalent  to  approximately  1-microinch 
AA,  although  no  attempt  to  eliminate  noncritical  deep  scratches  was  made. 

Both  static  and  cycle  tester  baseplates  (top  and  bottom),  piston  feet 
pads,  and  piezoelectric  load  cell  (both  sides)  w'ere  so  refinished.  In 
addition,  the  loading  faces  (side  opposite  sealing  surface)  of  all  follow- 
on  test  poppets  and  seats  w'ere  similarly  reworked. 
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CYCLE  TESTER  DYNAMIC  ANiYLYSIS 


With  suitable  instrumentation,  the  impulse  delivered  externally  to  model 
poppets  and  seats  may  be  measured  accurately.  However,  the  capability  of 
a  valve  seat  to  withstand  cycling  loading  is  a  function  of  the  impact 
loads  seen  by  contacting  interfaces.  Test  data  must,  therefore,  be  sup¬ 
plemented  with  additional  information  to  define  the  peak  impact  load 
experienced  by  the  poppet  and  seat  interfaces.  To  this  end,  a  dynamic 
analysis  of  the  cycle  tester  has  been  performed.  In  the  first  part, 
explicit  equations  are  developed  from  simple  mass-energy  concepts  to 
describe  the  peak  load,  natural  frequency,  and  load  period  experienced 
by  an  impacted  poppet  and  seat.  The  second  analysis,  based  upon  the  same 
concepts,  considers  the  entire  dynamics  of  the  cycle  tester  from  initia¬ 
tion  of  control  pressure  buildup  through  impact  and  multiple  bouncing  to 
the  conclusion  of  damped  vibration.  For  this  analysis,  a  709T  IBM  digi¬ 
tal  computer  is  used  to  solve  iteratively  the  dynamic  equations  of  force 
and  motion. 

By  correlating  computer  and  experimental  output  data  for  the  two  tester 
load  cell  systems,  an  accurate  estimate  of  the  impact  loads  experienced 
by  the  poppet  and  seat  interfaces  may  be  deduced.  Moi*eover,  correlation 
of  the  simplified  analysis  and  digital  program  outputs  with  test  data 
will  provide  a  foimdation  for  the  analysis  and  prediction  of  impact  loads 
in  other  valve  configurations. 


Introduction  of  Analytical  Concepts 


Equations  describing  the  dynamics  of  the  tester  conf igurtition  are  obtained 
by  the  summation  of  forces  on  the  various  free  bodies  in  the  system.  This 
description  of  impact  is  based  on  Newton's  second  law  of  motion.  However, 
some  information  can  also  be  obtained  by  the  application  of  energy  and 
momentum  concepts.  The  following  paragraphs  discuss  the  energy  and  momen¬ 
tum  equations  as  applicable  to  the  tester  conf igui'ation. 


Energy  Concepi.  One  of  the  most  straightforward  approaches  to  the  study 
of  impact  is  to  assume  that  no  energy  is  dissipated  in  friction,  thus 
too  percent  of  the  input  energy  is  transmitted  to  the  impacted  body.  By 
using  the  energy  equations  and  assuming  a  weight  (v)  failing  from  a 
height  (h)  on  a  spring  of  rate  (k),  the  equations  for  the  total  deflection 
can  be  derived. 


Body  Potential  Energy  =  lv(h+x) 

,  2 

Spring  Potential  Energy  =  1/2  K  x 

Since  there  is  no  energy  loss: 

V(h  +  x)  -  1/2  K  x^  =  0 


Rearranging,  substituting  x  for  V/K  and  solving  by  the  quadratic 

s  tci  tic 

formula  yields  the  following  equation  for  maximum  deflection: 


X 


max 


X 


static 


+ 


static 


“^^^static  ^ 


Two  limiting  cases  which  illustrate  the  effects  of  a  suddenly  applied 
load  and  the  impact  of  a  moving  body  are  of  interest. 


Suddenly  Applied  Load.  If  the  h  term  approaches  zero,  the  energy 
equation  is  reduced  to: 

X  =  2  X 
max  static 


and 


F  =  K  X  -  2  F  ,  ,  . 
max  max  static 


Impact  of  a  Moving  Body.  For  the  other 
very  large  compared  to  the  static  deflection 


limiting  case  where  (h)  is 
the  equation  reduces  to; 


^  ^^static^ 


X 

max 
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Equating  the  potential  energy  term  (h)  to  the  equivalent  kinetic  energy 
term  (V^ /Sg)  and  substituting  w/K  for  results  in: 


X 

max 


where  (oo  g)  is  the  system  natural  frequency  and  (v)  the  impact  velocity. 
The  maximum  spring  force  can  now  be  computed  as: 

F  =  K  X  =  V(K  =  — 

max  max  /a 

^  n 

This  shows  that  the  maximum  force  is  a  function  of  the  impact  velocity, 
spring  rate,  and  body  mass  (m). 

The  energy  concept  has  provided  means  for  determining  the  maximum  deflec¬ 
tion  (or  force)  but  has  given  no  indication  of  the  time  duration  over  which 
it  acts.  Subsequent  analysis  will  show  the  time-dependent  relations  and 
be  correlated  with  the  maximum  deflection  computations. 


Momentum  Concept.  The  fundamental  equation  used  to  define  the  kinetics 
of  bodies  is  Newton's  second  law  of  motion,  which  is: 

^F  =ma  =^(mV) 

^  X  X  dt  ^  x' 

The  principle  of  impulse  and  momentum  is  given  as: 


or  impulse  s  A  (m.omentum) 

X  X 

From  this,  it  can  be  seen  that  the  impulse  is  the  product  of  a  changing 
force  over  the  time  interval  in  which  it  acts  and  the  change  in  momentum 
is  mass  times  the  change  in  velocity  of  the  body.  The  term  impact  is 
often  associated  with  impulse  and  is  loosely  defined  as  a  sudden  impulse 
such  as  the  collision  of  two  bodies. 


iw- 
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To  illustrate  the  use  of  the  momentum  concept,  this  equation  will  be 
applied  to  the  model  used  in  tlie  energy  analysis  and  a  comparison  made 
of  the  resulting  maximum  force  on  the  spring.  To  evaluate  the  impulse 
integral,  the  force  term  must  he  expressed  as  a  function  of  a  time. 
From  vibration  analysis,  the  sinusoidal  function  will  be  assumed  where: 


F(t)  =  F  sin  (oj  t) 

^  ^  ma  x  ^  n  ^ 

This  equation  expresses  the  time  dependent  force  oscillations,  F(t),  as 
a  function  of  the  system  natural  frequency,  and  the  maximum  force.  F 
and  \vill  be  integrated  in  the  impulse  equation  from  0  to  77/2  wbere  all 
of  the  momentum  has  been  converted  to  spring  deflection. 


m  V  \  F(t)  dt  =  F  , 

^,1 ,  ma  X 

^1 


n/  2 


sin  oi  t  dt 
n 


or  F  -  m  V  oj 


max 


n 


/  1  /2 

Substituting  [  K/M  ]  ^  for  and 


rearranging  gives 


F 

max 


UJ 

n 


This  value  for  F^  is  identical  to  the  kinetic  energy  derivation  for 
the  impact  of  a  moving  body  thus  showing  agreement  between  the  two  solu¬ 
tions  when  the  sinusoidal  oscillation  is  assumed. 
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Analytical  Model 


The  cycle  tester  show  in  Fig.  37  is  a  composite  of  many  springs,  masses, 
friction,  pressure,  and  damping  forces  that  must  be  identified,  grouped, 
and  reduced  to  a  significant  few  suitable  for  analytical  description. 
Figure  38  is  a  schematic  of  the  tester  in  which  the  assumed  significant 
parameters  are  identified.  The  values  for  fixed  and  variable  parameters 
used  in  impact  computations  are  described  below  (also  included  are  appli¬ 
cable  computer  program  sjiabols). 


Weights ■ 


W'^  =  W1 


W„  =  W2 

=  W3 

W,  =  WT3 
4 


piston  assembly,  as  show  in  Fig.  37  (neglecting  dashpot 
plunger  weight),  less  weight  of  one  of  the  three  load  cells 
legs,  2.98  pounds 

flat  440C  poppet  with  associated  clamp  ring  assembly  plus 
weight  of  one  leg  of  three  load  cells,  0.47b  pound 

flat  440C  seat  plus  2/3  weight  of  piezoelectric  load  cell, 
0.432  pound 

body  weight,  65  pounds 


Spring  Rates , 

YDASH  =  dashpot  spring  rate  due  to  material  elasticity.  Computed  from 
the  dimensions  given  in  Fig.  37  for  stretch  in  -15  cap,  belling 
in  -I5  cap  base,  stretch  in  -40  plunger,  and  oil  bulk  compres¬ 
sion,  1.35  X  10^  ib/in. 

=  YSl  =  strain  gage  load  cells  consisting  of  three  series  rates  per 
leg,  i.e.,  root  spring,  column  spring,  and  foot  to  poppet 
bearing  spring,  reciprocally  added  gives  1.68  x  10^  Ib/in.,  or 
a  total,  j.Qh  x  10^  Ib/in. 


PK»- 
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Figure  J8.  Cycle  Tester  Schematic 
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YS2  “  poppet  to  seat  interface  spring  rate  determined  from 
load-deflection  test  of  l/2-inch  OD,  0.03-inch  land  440C 
flat  poppet  and  seat  (similar  to  Model  Y^),  7.0  x  10^  Ib/in. 

YS3  =  piezoelectric  load  cell  and  base  spring  rate.  Load 

cell  =  40  X  10^  Ib/in.;  base  plate  bearing  ^37.3  ^  10^  Ib/in.; 
reciprocally  added,  19.3  x  10  Ib/in. 

YRP,/)S  =  YRNEG  =  rubber  mount  spring,  1000  Ib/in. 

YSB  =  piston  bias  spring  (installed  at  13.0  pounds  with 
poppet  contacting  the  seat),  31.^  Ib/in. 


Damping  Coefficients.  For  internal  material  damping,  these  coefficients 
are  obtained  from  the  preceding  values  using  the  equation  below  with  an 
assumed  damping  ratio  (5)  of  O.O3  for  steel  and  0.1  for  rubber: 


where 


g  =  386  in. /sec 

DAMPl  =  piston-load  cells,  12.0  Ib-sec/in. 

DAMI^2  =  poppet-seat  interface,  5.57  Ib-sec/in. 

DAMP3  =  seat-piezoelectric  load  cell,  7.15  Ib-sec/in. 

DP^SB  =  DNEGB  =  rubber  mounts,  3.68  lb  -sec/in . 

D.4MPD  =  dashpot  viscous  damping  used  primarily  to  dampen  computer- 

derived  piston  oscillations  up  to  impact;  assumed,  5  Ib-sec/in, 


Additional  parameters  used  in  the  computer  program  are  defined  in  the 
program  and  input  data  listings  presented  later. 


Simplified  Tester  Analysis 

The  purpose  of  this  analysis  is  to  view  the  cycle  tester  in  its  most 
simplified  form  to  obtain  a  preliminary  approximation  of  the  impact  curve 
shape.  Because  the  impact  (or  impulse)  curve  is  the  time  integral  of 


176 


force,  the  solution  must  contain  time— dependent  equations.  Therefore, 
the  basic  approach  will  be  to  consider  only  the  significant  spring  mass 
systems  and  sura  the  forces  according  to  Nevton's  basic  lav. 


Development  of  Simplified  Model.  The  first  step  in  simplifying  the  tester 
analytical  model  is  to  assume  that  the  piston  and  poppet  have  ^ust  con¬ 
tacted  the  seat  vith  an  initial  velocity  i(o),  and  a  holding  force  (f) 
due  to  the  pneumatic  driving  pressure  on  the  piston.  These  two  initial 
inputs  are  respectively  analogous  to  the  idealized  impulse  function  and 
step  input  commonly  used  in  servo-analysis  theory.  The  first  simplifica¬ 
tion  of  the  tester  configuration  results  in  the  schematic  system  shown 
below. 


F 


Input:  F,  x^(o),  ^^(o) 
whe  re  : 

F  =  step  input 
ij(o),  x,^(o)  are  defined  as 
initial  velocities  of 
positions  x^  and  x^,  only 
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Summing  the  foi-ces  on  each  mass  results  in  the  following  equations: 


S  F^=F-m^x^-B^(x^-X2)-K.|  (x^-x^)  =  0 

,  (x,  -x.,)-rj„x„-I}..(x„-x  )-K,.  (x..~:< ,  )  -  9 

-  j  -  J  ;  ;  )  ]  ’)  'i  ,  ■)  'j 

S  F,  =B„(x_-x,  )+K_(x„-x,  )-m, X, -B, X, -K, X,  =  0 

4  3  ^  4  3  :>  'i  4  4  4  4  4  4 

These  equations  can  he  numerically  solved  by  the  Laplace  technique  to 
obtain  a  position  vs  time  curve  for  each  of  the  four  positions.  The 
greatest  limitation  to  this  approach  is  that  only  specific  solutions  for 
a  given  set  of  input  conditions  are  provided.  This  makes  the  solution  of 
the  four  spring-mass  system  a  rather  laborious  task.  To  simplify  the 
mathematical  model  further,  the  follovvdng  assumptions  are  made. 


Assumption  1.  Because  the  body  mass  (m^^)  and  the  load  cell  spring 
rate  (K^ )  are  about  one  order  of  magnitude  greater  than  related  parameter 
the  model  is  assumed  to  be  rigid  at  (ra^). 


Assumption  2.  Empirical  data  have  shown  that  the  internal  damping 
in  steel  structures  is  small,  thus  the  first  overshoot  will  be  approxi¬ 
mated  by  the  undamped  consideration. 

These  two  assumptions  permit  reduction  of  the  mathematical  model  to  an 
undamped  dual  spring^nass  system.  Further  simplification  may  be  made  by 
assuming  there  is  little  phase  lag  or  attenuation  be tw'eeu  the  piston  load 
cell  spring  and  the  seat  spring;  this  leads  to  the  final  assumption. 


Assumption  3.  The  tv^'o  positions  (xj^  and  have  the  follovvdng 
fixed  relationship  in  the  dual  spring-mass  system. 


F  =  F 
1  2 

l\j(x|-x^, )  = 

J1l_ 

""2  K^+K,, 


'C  Fj  =  F  -  in^X|  -  Kj^(  xpx,, )  =  0 


^  F,^  =  Kj(xj-x^)  -  m^jX^  -  K^Xy  =  0 


Based  on  i.he  above  three  assumptions,  the  dual  spring-mass  system  may  now 
be  reduced  to  an  equivalent  single  spring-mass  system.  Solving  tor  (x^ ) 
utilizing  the  fixed  relationship  tor  (x^  and  x.^)  results  in; 


r  ‘s  1 

r 

i 

•» 

“l  ^K,+Iy,  "*2 

Xi  + 

L 

where : 


Equivalent  mass  (m^) 


^l"“2 


m,  +  - — —  m 

1  K ,  +K„  2 


Equivalent  spring  rate 


^^1  ^2 
K^.K2 


Inputs:  F,  Xj^(o) 
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Solution  of  Spring-Mass  System  by  Laplace  Technique.  The  previously 
developed  differential  equation  is  now  written  in  Laplace  notation 
including  the  initial  velocity  x(o)  and  letting  x(o)  =  0.  For  conven¬ 
ience,  the  subscripts  E  and  1  have  been  dropped. 


2  - 

/  \ 

r  -  / 

m  s  X 

(s  J 

-  m  xt^oj 

1  X  ( 

Solving  for  ^  (s)  and  reducing  the  equation  into  partial  fractions 
results  in: 

F/ms  +  x(o 
s  +  K/m 

(^/k)  s  _ 

2  -  2 
s“  +  K/ni  s  +  K/m 

Inverting  the  equation  gives  the  displacement  (x)  as  a  function  of  time  (t) 

x(t)  =  F/k  -  F/K  eos  (K/m)^^^  t  +  - - sin  (K/m)^''  ^  t 

Rewriting  the  equation  to  show  the  time-dependent  impact  force,  r(t), 
where  r(t)  =  K  x(t)  and  noting  that  the  system  natural  frequency, 

OJ  =  yields: 

r(t)  =  F  (l  -  cos  (o  t)  +  ^  sin  W  t 

^  ‘"n'  CU  n 

n 

This  equation  states  that  the  impact  force  is  the  sum  of  the  transient 
component  force  due  to  sudden  application  of  the  static  force  plus  the 
transient  force  of  the  velocity  impact.  To  define  further  the  impact 
curve,  the  time  to  reach  maximum  force  is  determined  by  differentiating 
F(t)  and  equating  to  zero. 


X  (s)  = 


dt 


O+Fw  sinoJ  t+Kx(o) 
n  n 


cos  CO  t 
n 


0 


to  t  (  at  F  )  =  tan 
n  '  max”^ 


K  x(o) 

u 

n 


F 
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This  equation  shows  that  the  time  to  reach  maximum  force  is  a  function 
of  the  relative  maximum  amplitudes  of  the  two  transient  forces;  thus,  an 
evaluation  of  the  system  constants  is  required  to  determine 

To  view  the  boundaries  of  dJ ^t,  the  two  limiting  cases  for  the  amplitude 
ratio  will  he  considered. 


Case  1. 

F - ►  0 

K  x( 0 ) 
60 

n 

L  F 

Tan  ^ 

these  values  into 

a  velocity  (impul 

F 

max 

Case  2. 

x(o)  — 

K  x(o)l 

K  x(o  ) 
(jO 


n 


=  60  t 
11 


jr 

p 


Oi 


n 


n 


00 


n 


L  F 


00  t 
n 


TT 


max 


=  2F 


To  clarify  further  the  meaning  of  the  equations,  the  following  graphical 
representation  is  presented  where  ^  is  arbitrarily  set  equal  to  F 

thus : 


CO 


t  (  at  F  )  =  tan  ^  (-l)  = 

'  mci'v  '  ''  /i 


max 
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Dawhpot  Consideration.  The  preceding  equations  give  a  simplified  view  of 
the  Lester  dynamics.  Given  the  impact  velocity  and  the  unbalanced  forces 
acting  on  the  piston  just  before  ini{)act,  the  maxiimun  initiiil  impact  force 
can  bo  approximately  dcteriniiicd. 


With  the  use  of  an  orificed  hydraulic  dashpot  for  velocity  control  (con¬ 
stant  control  pressure),  the  forces  acting  on  the  moving  piston  vill  be 
balanced  at  impact.  Howe.vei',  elastic  energy  stored  by  the  dashpot  con¬ 
tainer,  rod,  and  oil  vill  be  delivered  to  the  impacted  surfaces  as  a  time 
variable,  dependent  upon  the  decay  la  Le  of  dashpot  pi’essure  (which,  in 
turn,  is  a  function  of  the  dashpot  orifice  opening).  The  equations 
describing  the  time  dependent  and  steady-state  dashpot  functions  are  as 
f  o 1 1 0 vs ; 


D 


=  P 


D 


PA  -  A  V  — - E— 

'‘o  'p  V 


i"' 
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K  t 


PD=PDi  t  1- 


=  ^Di  ^ 


2A^P 


Di 


2 

1  - 

/  K  t  Vp  ' 

K 


K 


^Di  % 

AV 


where 


A 

o 

A 

P 

C 

F 

s 

g 

K 

P 

c 

^Di 

t 

AV 


=  net  dashpot  plunger  area,  0.598  in.‘ 

2 

=  variable  orifice  area,  in. 

2 

=  net  control  piston  area,  1,687  in. 

=  orifice  coefficient,  0.67 
=  seat  force,  pounds 
=  386  in./sec^ 

=  spring  rate,  1.55  x  10^  Ib/in. 

=  steady-state  control  pressure,  psig 

=  dashpot  pressure,  psig 

=  initial  dashpot  pressure  (2.82  P^,), 

=  time,  seconds 

=  total  or  final  time,  seconds 

=  dashpot  plunger  velocity,  in. /sec 

3 

=  dashpot  volume  change,  in. 

=  oil  density,  0.0313  Ih/in.^ 


psig 
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These  equations  describe  a  parabolic  relationship  for  the  decay  of  (P^) 
and  thus  buildup  of  (fg)-  Consequently,  the  effect  of  the  dashpot  is  not 
as  a  suddenly  applied  load  from  control  pressure  as  mii^ht  be  assumed. 
Furthermore,  the  phase  relationship  between  (l)  seat  force  buildup  due 
to  dashpot  pressure  decay,  and  (2)  the  velocity  impact  will  determine 
their  additive  effect  in  arriving  at  peak  impact  load. 


For  low  impact  velocities  where  the  dashpot  orifice  is  nearly  closed, 

(t^)  above  will  be  long  with  respect  to  the  system  (piston,  poppet  and 
seat)  natural  frequency  and  thus,  impulse  time.  As  a  result,  the  initial 
impact  force  will  contain  little  of  the  potential  load  to  be  delivered 
by  the  decay  of  dashpot  pressure.  Subsequent  impulses  due  to  bounding 
will  experience  a  rising  "effective"  (P^)  decays;  therefore, 

these  bounces  may  result  in  greater  peak  loads  if  this  effect  is  a  sig¬ 
nificant  portion  of  the  impulse  load. 

With  high  impact  velocities  (t^.  near  natural  frequency),  the  energy 
stored  in  the  dashpot  may  be  dumped  more  nearly  as  a  suddenly  applied 
load.  However,  this  assumes  the  piston  and  poppet  velocities  instantly 
drop  to  zero  upon  contact.  Because  a  velocity  decay  period  is  required 
in  which  the  piston  decelerates  to  zero  and  the  impulse  load  peaks,  the 
attached  dashpot  piston  also  is  in  motion  and  decelerating.  These  com¬ 
plex  interrelated  effects  cannot  be  described  explicitly,  but  as  will  be 
later  shown,  with  higher  velocities  the  contribution  of  suddenly  applied 
load  is  small  with  respect  to  the  impulse  load  and  thus  can  be  neglected. 


As  employed  in  the  digital  computer  program  described  below,  the  defini¬ 
tion  of  the  dashpot  orifice  area  required  for  a  given  steady-state  impact 
velocity  is  derived  from  the  balance  of  forces  acting  on  the  piston. 
Including  the  bias  spring  force  (F^)  and  a  dashpot  plunger  viscous  drag 
force  (r  Vj^)  neglected  in  the  above  equations,  the  orifice  size  is  given  as: 

,  _r  p 

2/  X 

2  g  C  (P^  A,,  -  -  r  Vp) 


where  (r)  is  the  dtunping  coefficient  in  Ib-sec/in.  and 


D  = 
o 


DOB. 
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Digital  Computer  Program 


An  IBM  7094  digital  computer  program,  iiTitten  in  FORTRAN  II  coding,  was 
developed  for  analysis  of  the  cycle  tester  dynamics.  The  program  was 
used  initially  for  design  studies  in  predicting  cycle  tester  performance 
with  alternate  design  features  and  in  establishing  design  criteria.  The 
progrcuu  was  then  refined  in  obtaining  detailed  correlation  between  com¬ 
puter  run  results  and  test  results.  Better  correlation  was  obtained  when 
an  idealized  liquid  dashpot  description,  used  for  design  studies,  was 
replaced  by  a  dashpot  description  which  included  dashpot  elasticity,  as 
noted  above,  and  internal  damping. 

A  schematic  of  the  cycle  tester,  as  used  for  the  computer  mathematical 
model,  with  identifying  nomenclature  appears  in  Fig.  39.  A  complete 
listing  of  the  FORTRAN  program  and  sample  data  output  (described  later) 
appears  in  Appendix  A. 


Program  Description.  The  program  listing  includes  general  notes  and 
alphabetically  ordered  nomenclature  as  an  introduction.  Comment  state¬ 
ments  are  interspersed  throughout  the  listing  for  word  descriptions  of 
each  phase  of  the  computations.  The  comment  statements  serve  as  a  flow 
diagram  for  the  program.  In  general,  the  computation  procedure  is  as 
foil ows : 

1 .  Read  input  data  from  data  cards 

2.  Print  input  data  tabulation 

3.  Set  initial  conditions  for  program  variables 

4.  Compute  progrtun  constants 

5.  Set  initial  conditions  for  CRT  and  printout  routines 

6.  Enter  iterative  computation  loop 
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8. 

9. 


10. 

11. 


12. 


13. 

14. 


15. 


16. 

17. 

18. 
19. 


20. 


21. 


22. 


23. 


Compute  gas  flowrates.  To  compute  each  gas  weight  flowxate 
term  call  subprogram  with  numerical  values  for  the  upstream 

pressure,  the  downstream  pressure,  and  the  effective  flow  area. 
(One  subprogram,  FLj^VT,  listed  in  Appendix  A,  serves  for  computing 
all  flow  terms,  using  nozzle  equations  for  sonic  or  subsonic 
flow  in  either  direction.) 


Compute  pneumatic  pressurizing  coefficients 

Compute  rates  of  change  of  pressures  (llates  of  change  of  pres¬ 
sures  are  functions  of  flow  in,  flow  out,  volume,  and  rate  of 
change  of  volume.) 

Compute  pressures  (Numerical  integration  of  rates  of  change  of 
pressures ) 


Compute  combined  piston  and  poppet  acceleration,  velocity,  and 
displacement.  If  poppet  is  more  than  0.0005  inch  from  initial 
contact  with  seat,  go  to  12.  If  w'ithin  0.0005  inch,  reset  time 
increment  to  10  second  and  go  to  13.  Instantaneous  acceler¬ 
ation  is  the  sum  of  the  forces  divided  by  the  mass.  Velocity 
is  obtained  by  numerical  integration  of  acceleration.  Displace¬ 
ment  is  the  integral  of  velocity. 

Compute  dashpot  flow,  pressure,  and  force;  go  to  20 
Compute  piston  acceleration,  velocity,  and  displacement 
Compute  dashpot  flow,  pressure,  and  force 


Compute 

Compute 

Compute 

Compute 

Compute 

Compute 


spring  forces 

poppet  acceleration,  velocity,  and  displacement 
spring  forces 

seat  acceleration,  velocity,  and  displacement 
spring  forces 

body  acceleration,  velocity,  and  displacement 


Compute  miscellaneous  variables 
Compute  poppet  velocity  relative  to  body 


Reidentify  and  store  velocity  and  acceleration  values 
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24.  Increase  TIME  by  one  increment  of  time 

25.  Store  and  print  computed  output  data 

26.  If  TIME  is  less  than  FINIS,  go  to  7;  if  equal,  go  to  2? 

27.  Call  subprogram  GET  for  graphic  display  of  selected  output 
data.  The  GET  program  listing  appears  in  Appendix  A. 


The  basic  equations  used  in  formulating  the  mathematical  model  are: 


1. 

P-V  = 

W-E-TEMP 

2 . 

dP/dt  = 

=  dW/dt-E-TEMP/v  +  dX/dt-P-A/V 

3. 

I 

dP/dt-dt 

4. 

dW/dt  - 

=  C-A-P-S/  /  E-TEMP 

V 

5 . 

d“X/dt^  =  F/m 

6 . 

dX/iit  = 

i'  2  /  2 

=  j  d  X/dt  -dt 

7- 

X  = 

r  dX/dt-dt 

Equation  1  is  the  perfect  gas  equation  of  state. 

Equation  2  is  the  derivative  of  Eq .  1,  substituting  dV/dt  =  A(dl^dt), 
and  describes  the  time  rate  of  change  of  pressure  cause-d  by  gas  mass 
entering  or  discharging  from  a  volume,  and  includes  a  pumping  term  if 
the  volume  is  changing  with  time.  The  temperature  derivative  is  assumed 
negligible. 

Equation  3  is  the  integral  of  Eq .  2. 

Equation  4  is  the  nozzle  isentropic  flow  equation,  corrected  for  an  ori¬ 
fice  description. 

Equation  5  is  Newton's  second  law  of  motion.  Equations  6  and  7  are  the 
integrals  of  Eq .  5- 
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The  programming  of  these  equations  for  itercitive  numerical  computations 
follows  the  27-step  outline,  with  details  listed  in  Appendix  A. 

Spring-mass  resonant  frequencies  greater  than  JO, 000  cps  were  encountered 
and  it  was  necessary  to  reduce  the  computation  time  increment  to  0.1  micro¬ 
second  for  smooth  output  data, 

To  conserve  computer  time,  each  computation  run  begins  with  the  piston 
and  poppet  lumped  as  a  single  mass  with  no  interconnecting  spring  and 
with  a  time  increment  of  J  microseconds.  As  the  pneumatically  pow'ered 
piston  and  poppet  approach  seat  contact,  the  computation  time  interval  is 
reduced  to  the  smaller  value  and  all  springs  and  masses  are  then  con¬ 
sidered  as  discrete  items.  The  smaller  time  increment  is  thereby  used 
only  for  the  time  period  during  which  the  fast  transients  accompanying 
seat  contact  and  rebound  occur.  The  required  computer  time  is  thereby 
minimized. 

One  item  of  input  data  (XTIME),  typically  0.0015  second,  terminates  the 
computer  run  when  XTIME  seconds  of  real  time  have  elapsed  beyond  the 
switching  point  at  which  the  smaller  time  increment  of  1/10  microsecond 
is  used.  The  time  for  a  computer  run  is  therefore  whatever  time  is 
required  for  displacement  of  the  poppet  and  piston  from  the  off-seat 
stop  to  0.0005  inch  from  seat  contact  plus  XTIME.  One  item  of  input 
data,  FINIS  (in  seconds),  limits  the  real  time  duration  of  a  computer 
run  in  the  event  that  incorrect  data  are  supplied  to  the  program. 

Computed  output  data  are  presented  in  tabular  form  for  everj^  hundredth 
computed  point,  and  in  photographic  reproductions  of  cathode  ray  tube 
displays  for  each  tenth  computed  point.  Two  separate  printouts  of  tabu¬ 
lated  data  provide  enough  columns  of  data  to  permit  examination  of  all 
variables  of  interest  in  the  system.  One  column  for  TIME  (real  time  in 
seconds)  is  common  to  both  tabulations.  Two  graphical  displays  are  pro¬ 
duced,  one  showing  poppet  and  body  displacements  as  time  functions  and 
one  showing  forces  as  time  functions.  The  force  display  shows  seat  con¬ 
tact  force  and  two  force  transducer  outputs.  The  displacement  display 
covers  the  entire  real  time  duration  for  a  run.  The  force  display  has 
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an  expanded  time  scale  for  that  portion  of  the  run  which  occurs  with  the 
smaller  (l/lO  microseconjJ.)  computation  time  increment.  The  graphical 
force  display,  with  its  time  scale  starting  just  prior  to  initial  seat 
contact  can  be  compared  with  test  data  oscilloscope  photographs  with 
their  time  scale  starting  at  the  time  of  initial  contact. 

The  digital  computer  program  describes  the  cycle  tester  dynamics  inde¬ 
pendently  of  the  numerical  values  of  system  inputs  such  as  supply  pres¬ 
sures,  orifice  sizes,  damping  coefficients,  spring  rates,  etc.  The 
program  reads  in  data  from  an  input  data  deck  for  each  computer  rtui,  with 
no  changes  required  in  the  program  itself.  The  program  prints  out  a  tab¬ 
ulation  of  its  input  data  for  each  run,  as  shown  in  Appendix  A, 

A  detailed  discussion  of  the  analytic  techniques  employed  and  the  methods 
used  in  the  computer  programming  are  presented  in  Ref.  65. 


Data  Output .  Program  output  has  been  prepared  covering  the  range  of 
experimental  data  investigated.  Eather  than  generate  data  for  nominal 
conditions,  the  output  is  presented  for  several  specific  impact  velocities 
obtained  in  test.  Therefore,  it  has  been  included  with  the  discussion  of 
cycle  test  calibration  (following)  for  direct  comparison,  with  instrumen¬ 
tation  output  data. 


CYCLE  TEST  CALIBRATION 

Prior  to  model  cycle  testing,  it  was  necessary  to  establish  the  dynamic 
characteristics  and  limits  of  the  cycle  tester  and  associated  instrumen¬ 
tation.  ¥ith  this  information,  model  tests  could  be  performed  recording 
a  minimum  of  data,  based  upon  velocity  and  impact  load  repeatability  and 
correlation.  Some  10,000  cycles  accumulated  under  impact  velocities  from 
2  to  36  in. /sec  proved  the  capabilities  of  the  tester,  and  it  was  further 
shown  that  impact  velocity  and  load  were  closely  repeatable. 
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m  For  the  calibration  aeries,  a  flat  440C  poppet  and  seat  served  as  a 

^  typical  model  (similar  to  Y^;  see  Experimental  Test  section  where  the 

cycle  test  setup  is  discussed  along  with  instrumentation  accuracies  and 

general  model  assembly  and  test  procedures).  The  poppet  and  seat  were 

■m 

installed  in  the  tester  as  shown  in  Fig.  37 »  each  with  about  100  pounds 
m 

preload. 


Dashpot  assembly  was  made  with  the  bypass  check  valve  allowed  to  open 
fully.  This  condition,  coupled  with  plunger  seal  clearance,  resulted  in 
piston  rebound  danqjing  from  viscous  friction  only. 


As  will  be  seen,  the  significant  forces  acting  at  constant  velocity 
impact  are  derived  from  control  and  dashpot  pressures  (PC  and  PQ)  and 
impact  velocity  of  the  poppet  relative  to  the  body  (XD0T2B).  Seat  inlet 
pressure  did  not  significantly  influence  impact  or  stabilized  forces 
because  of  low  setting  (pai  =  5  psig)  and  small  inlet  orifice  (DO3  =  0.014 
inch)  relative  to  seat  orifice  (D04  =  0.440  inch).  Static  seat  force 
(stress)  was  governed  by  the  balance  of  forces  at  stabilization  (see 
Experimental  Test  section). 


Two  basic  series  of  tests  were  performed  for  calibration.  The  first, 
using  the  dashpot,  investigated  tester  characteristics  for  a  range  of 
impact  velocities  at  a  static  (seat)  stress  of  approximately  5OOO  psi. 

For  these  tests,  solenoid  valve  supply  pressure  (PS  =  PC)  was  set  at 
141.0  psig  and  stroke  equal  to  0.1000  inch.  The  influence  of  increased 
control  pressure  was  also  evaluated  for  one  test  with  (PS)  set  at  272  psig 
(l0,000-psi  seat  stress). 
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The  second  series  of  tests  was  performed  to  investigate  the  tester  impact 
characteristics  without  the  dashpot.  This  was  accomplished  by  dropping 
the  vertically  positioned  piston  and  poppet  on  the  seat  from  precisely 
known  heights.  The  impact  velocity  was  computed  based  upon  the  height 
compensating  for  the  known  flexure  spring  characteristic.  Eeduced  data 
from  these  tests  are  included  with  the  correlation  of  all  test  data  at 
the  end  of  this  section. 


Test  and  Computer  Data 


Representative  dashpot  controlled  test  data  are  presented  in  Fig.  40 
through  51  for  analytical  correlation.  These  data  are  oscilloscope 
photos  of  the  position,  strain  gage  load  cells,  and  piezoelectric  load 
cell  transducer  outputs.  Scale  factors  are  given  in  each  figure  title 
in  units  per  lined  division  with  vertical  input  first  and  horizontal 
(time,  running  right  to  left),  second. 


Corresponding  computer  output  data  are  shown  in  Fig.  52  through  59-  Com¬ 
puter  inputs  are  as  previously  defined  and  further  enumerated  in  Appendix  A 
for  the  1.87  in. /sec  run  (also  includes  tabulated  output  through  0.00598 
seconds).  Input  variations  from  this  example  are  defined  in  the  output  plot 
figure  titles  as  dashpot  orifice  diameter  (D^D)  and  supply  pressure  (PS). 

Two  time  base  plots  are  presented  for  each  test  condition: 


1.  Displacements  from  solenoid  valve  energization  through  XTIME 

a,  Poppet  relative  to  body  (DB-X2EB),  dots 

b.  Body  relative  to  fixed  mount  (XB),  X's 
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Figure  40.  Position,  1.87  in. /sec  Figure  41,  Strain  Gage  Load  Cell  No,  1 

Impact  Velocity,  PS=141  psig  1,87  in, /sec  Impact  Velocity,  PS=141  psig 

(0.0125  in./div;  0.005  sec/div)  (50  Ib/div;  0.0001  sec/div) 
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Figure  42.  Strain  Gage  Load  Cell  Figure  43.  Strain  Gage  Load  Cell  No.  3, 

No.  2,  1.87  in. /sec  Impact  Velocity,  1.87  in. /sec  Impact  Velocity, 

PS=141  psig  (50  Ib/div;  0.0001  sec/div)  PS=141  psig  (50  Ib/div;  0.0001  sec/div) 
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I.  1,  Figure  45.  Piezoelectric  Load  Cell 
1.87  in. /sec  Impact  Velocity, 

/div)  PS  =  141  psig  (50  Ib/div; 

0.0002  sec/div] 


Figure  44.  Strain  Gage  Load  Cell  No 
1.87  in. /sec  Impact  Velocity, 

PS  =  141  psig  (50  Ib/div;  0.0002  sec 


Control  Pressure  (PC)  and 
87  in. /sec  Impact  Velocity 
g  (20  psi/div  and 
iv;  0.005  sec/div) 


Figure  47 
Position, 
PS  =  141  : 
0.0125  in 


Figure  46.  Piezoelectric  Load  Cell 
and  Position,  1.87  in. /sec  Impact 
Velocity,  PS  =  141  psig 
(50  Ib/div  and  0.0125  in. /div; 

0.01  sec/div) 
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Figure  48.  Piezoelectric  Load  Cell,  Figure  49.  Piezoelectric  Load  Cell, 

1.77  in. /sec  Impact  Velocity,  1.77  in. /sec  Impact  Velocity, 

PS  =  272  psig  (50  It/div;  PS  =  272  psig  (5O  It/div; 

0.001  sec/div)  0.0002  sec/div) 


Figure  50-  Piezoelectric  Load  Cell, 
8.46  in. /sec  Impact  Velocity, 

PS  =  141  psig  (162.5  It/div; 

0.0005  sec/div) 


Figure  51.  Piezoelectric  Load  Cell, 
35.6  in. /sec  Impact  Velocity, 

PS  =  141  psig  (750  It/div; 

0.001  sec/div) 
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Figure  52.  Computed  Poppet  (•)  and  Body  (x)  Displacements, 
1.87  in. /sec  Impact  Velocity,  PS  =  I56  psia^ 

D^D  =  0.0266  in. 
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time,  seconds 

I 

Figure  53-  Computed  Spring  Forces,  Fl(-),  ^2  (x),  F3  (o), 

11.87  in. /sec  Impact  Velocity,  PS  =  I56  psia, 

D0D  =  0.0266  in. 

I 
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Figure  55-  Computed  Spring  Forces,  FI  F2  (x),  F3  (o), 

1.77  in. /sec  Impact  Velocity,  PS  =  287  psia 
D0D  =  0.0217  in. 


Figure  56 


TIME,  SECONDS 


Olt 


Computed  Poppet  (•)  and  Body  (x)  Displacements, 
8.46  in. /sec  Impact  Velocity,  PS  =  I56  psia, 

DjfiD  =  0.0591  in . 
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Figure  58-  Computed  Poppet  (•)  and  Body  (x)  Displacements, 
35-6  in. /sec  Impact  Velocity,  PS  =  I56  psia, 
D0D  =  0.1702 
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2.  Spring  forces  for  XTIME 


a.  Strain  gage  load  cells  suncned  as  one  output  (FI),  dots 

b.  Poppet-seat  interface 
(r2),  X's 

c.  Piezoelectric  load  cell 
(F3),  circles 

1.87-in. /sec  Imnact  Velocity,  5000-Psi  Static  Stress.  This  test  initi¬ 
ated  the  dynamic  calibration  aeries  and  was  nominally  the  lowest  velocity 
considered.  It  was  performed  four  times,  twice  as  a  tester  operation 
and  data  acquisition  learning  period,  a  third  time  to  obtain  "final" 
data,  and  lastly  as  a  recheck  of  instrumentation  capabilities  after  inad¬ 
vertent  seat  impact  loading  to  approximately  8300  pounds  (piezoelectric 
cell).  These  tests  demonstrated  dashpot  action  repeatability  for  a  given 
setting  as  velocity  remained  constant  with  cycles  and  time.  For  example, 
between  the  beginning  of  test  two  and  end  of  test  three,  some  1100  cycles 
and  an  11-day  downtime  period  elapsed;  velocity  varied  from  1.85  to  1.88 
in. /sec.  Similarly,  both  strain-gage  and  piezoelectric  load  cell  values 
were  repeatable  within  data  reduction  resolution. 


The  position  trace  shown  in  Fig.  40  is  typical  of  the  traces  used  to  cal¬ 
culate  impact  velocity.  For  the  test  stroke  of  0.1000  inch,  the  trace 
runs  from  the  ninth  to  first  division  line. 


Impact  loads  for  the  three  strain  gage  load  cells  corresponding  to  the 
above  position  trace  are  shown  in  Fig.  41,  42,  and  43.  An  additional 
trace  from  cell  No.  1  with  an  increased  time  base  illustrates  initial 
impact,  one  bounce  and  on-seat  vibration  (Fig.  44).  The  necessity  for 
maximum  gain  rendered  the  output  from  these  transducers  susceptible  to 
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ground  noise;  therefore,  most  of  the  impact  data  vere  provided  by  the 
piezoelectric  load  cell.  Output  from  this  cell  is  illustrated  in  Fig,  ^i5 
for  initial  and  peak  impulses  at  the  noted  impact  velocity.  Two  impacts 
are  shovv-n  with  cell  ringing  indicated  by  the  high-frequency  oscillations 
between  impacts. 

A  composite  trace  of  position  and  load  is  shown  in  Fig.  46.  Control 
pressure  and  position  are  similarly  shora  in  Fig.  47  where  the  pressure 
trace  is  initiated  on  the  ninth  division  line.  For  the  141-psig  (PS) 
input,  control  pressure  (PC)  rises  at  about  17,400  psi/sec  with  90  per¬ 
cent  of  steady  state  (PC)  reached  at  0.0125-inch  stroke.  The  steady-state 
pressure  sho™  in  Fig.  47  reflects  the  isentropic  drop  in  (PS)  due  to  the 
sudden  additive  of  1.55-cu  in.  cylinder  volume  (VC)  to  the  100-cu  in,  feed 
system  volume.  Consequently,  the  steady-state  load  shora  in  Fig.  46 
(215  pounds)  has  not  quite  reached  its  maximum  value  of  221  pounds 
(5000-psi  seat  stress). 

Computer  program  output  data  corresponding  to  the  previous  test  conditions 
are  shown  in  Fig.  52  and  53-  The  sample  input  and  tabulated  output  data 
contained  in  Appendix  A  are  for  this  run.  Figure  52  illustrates  the  rel¬ 
ative  displacements  of  poppet  and  body.  Because  of  the  large  body  mass 
and  mount  restraints,  it  undergoes  little  movement. 

As  shown  in  the  tabulted  output  of  Appendix  A,  dashpot  pressure  (PQ)  has 
decayed  only  15  psi  at  the  time  of  initial  impulse  peak  load  (about 
0.00582  second).  Thus  initial  peak  loads  are  primarily  due  to  impact 
velocity.  Although  impulse  characteristics  agree  reasonably  with  test 
data,  greater  peak  loads  are  predicted.  This  is  attributed  to  the 
influence  of  low'-rate  springs  at  the  poppet,  seat  and  piezoelectric  load 
cell  interfaces,  and  main  piston  (as  a  spring)  not  considered  in  the  pro¬ 
gram.  It  is  significant,  however,  that  piezoelectric  load  cell  and  seat 
spring  initial  impulse  forces  follow  closely  and  are  greater  than  the 
strc in-gage  peak  force  by  about  20  percent,  or  almost  exactly  the  differ¬ 
ence  indicated  by  test  data. 
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1.77~in./sec  Impact  Velocity,  10, 000-psi  Static  Stress.  This  test  illus¬ 
trates  the  time -dependent  dashpot  forces  delivered  to  the  seat.  By  increas¬ 
ing  (PS)  to  272  psig,  it  vas  necessary  to  reduce  the  dashpot  orifice  opening 
to  maintain  the  same  velocity.  This  increased  the  dashpot  force  delivery 
time  by  increasing  (PQ)  decay  time.  As  shown  in  the  load  cell  output 
(Pig.  48  and  49,  zero  load  on  first  line),  nine  load  cycles  were  required 
to  reach  maximum  load  with  only  one  bounce  after  the  initial  impulse. 

Computer  output  data  shown  in  Fig.  54  and  55  agree  very  closely  with  test 
data,  i.e.,  one  bounce  and  nine  cycles  to  peak  load.  As  before,  initial 
impact  is  greater  than  obtained  from  test  data;  however,  peak  loads  are 
nearly  the  same. 

8.46-  and  33-6-in. /sec  Impact  Velocities,  5000— psi  Static  Stress.  These 
higher  velocities  are  representative  of  those  employed  in  model  cycle 
testing.  Because  of  the  relatively  high  velocity  loads,  pressure  forces 
are  largely  submerged.  This  is  indicated  by  the  impact  traces  of  Fig.  50 
and  51. 

Although  test  initial  impact  loads  agree  with  computer  data  reasonably 
well  (Fig.  57  and  59)  at  the  noted  velocities  (Fig.  56  and  58),  it  is 
apparent  from  comparison  of  bounce  decays  that  test  damping  exceeds  the 
computer  model  damping.  Examination  of  test  parts  after  cycle  testing 
indicated  poppet  and  seat  cleimp  face  separation  as  evidenced  by  bearing 
area  fretting  wear.  Considering  the  light(l00  pounds)  preload  and  com¬ 
puter  data,  it  is  reasonably  certain  that  separation  did  occur.  However, 
separation  of  bearing  surfaces  is  not  included  in  the  tester  computer 
description  and,  therefore,  might  partially  account  for  discrepancies 
noted  between  computed  and  test  data. 


Correlation  of  Analyses  and  Test  Data 

A  summary  of  data  reduced  from  all  calibration  tests  is  presented  in 
Table  3*  The  significance  of  these  data  is  the  consistency  of  impact 
force-velocity  ratios  above  2  in. /sec  where  dashpot  forces  do  not  sig¬ 
nificantly  influence  impact  forces.  This  is  further  shown  by  the  drop 
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TABLP"  3 

cycle:  test  C^VLI  brat  ion  PAEAMETE21S 


Test 

Condition 

Impact 

Velocity, 

V,  in. /sec 

Control 
Pressure , 
psig 

Poppe  t 
Stroke , 
inch 

Strain 
Gage 
Sum,  FI, 
pounds 

Piezo¬ 
electric 
Cell,  F3, 
pounds 

Initial 
Impulse 
Time  , 
milli¬ 
seconds 

No .  of 
Impacts 

On-Seat 

Frequency, 

cps 

F3A, 
lb-sec 
in , 

Dashpot 

1,85 

141 

0,1000 

220* 

259 

0.211 

r 

) 

2840 

140  i 

Controlled 

1.87 

220** 

255 

0.209 

2840 

136  ; 

4.04 

— 

597 

0.203 

3010 

148  i 

1 

4.26 

630 

— 

148  ' 

6.40 

— 

1016 

0.188 

3050 

159 

7.53 

— 

1155 

0.185 

3020 

153  1 

8.46 

— 

1247 

0.179 

-3100 

147  1 

17.3 

— 

2680 

0.178 

3 

-3100 

155  i 

35.6 

— 

5950 

0.173 

4  to  5 

-3100 

167 

1.77 

272 

249 

0.203 

2 

2890 

141 

;  Drop 

Tests 

1.69 

0 

0,00370 

— 

247 

0.198 

>10 

-2900 

146 

3.33 

0 

0.0142 

404*** 

480 

0.185 

>10 

-3000 

144 

\ 

6.83 

0 

0.057 

832**** 

990 

Q-175 

>10 

-3100 

145 

*F1  =  E  +  F^  +  F^ 

=  72.5  +  74.5  +  72.5  =  220;  F3/'F1  =  1.18 

**F1  =  74.0  +  75.0  +  70.5  =  220;  F3/'F1  =  I.I6 
***F1  =  132  +  138  +  134  =  404;  F3/'F1  =  1.19 
****F1  =  274  +  281  +  277  =  832;  F3/'F1  =  1.19 


tests  in  which  the  f/v  ratio  is  constant  at  146  Ih-sec/in.  from  I.69  to 
6.83  in. /sec  which  is  comparable  with  higher  velocity  dashpot  tests. 

Although  not  significantly  affecting  the  initial  impact  loads,  the  dash- 
pot  did,  however,  provide  a  considerable  control  on  the  number  of  bounces. 
With  only  material  internal  damping,  the  drop  tests  indicated  more  than 
ten  significant  impacts  compared  with  two  for  most  dashpot  controlled  tests. 

Reduction  of  significant  data  from  the  computer  and  test  runs  is  compared, 
along  with  data  computed  from  the  simplified  equations  below; 


Natural 

Frequency 

cps 

Initial  Impact 
Piezoelectric- 
Velocity 
Ratio 

F3/V, 

in . 

Data  Source 

Strain 

Gage 

Load  Cells 

Piezo¬ 
electric 
Load  Cell 

System, 

On-Seat 

Initial 
Impulse  Time, 
milliseconds 

F3/F1 

Test 

~10,  100 

-21,000 

2840  to 

3100 

0.17  to  0.20 

136  to  167 

1.16  to 

1.19 

Computer 

Ana lysis 

11,000 

20,700 

2970 

0.180 

~166 

1.20 

Simplified 

Analysis 

10,200 

20,900 

3000 

0.167 

155 

— 

Considering  the  cycle  tester  complexity,  computed  data  and  test  results 
correlate  reasonably  well.  This  is  particularly  evident  in  the  ratio  of 
piezoelectric  and  strain  gage  load  cell  outputs  (F5/FI).  This  correlation 
and  the  close  agreement  between  computed  seat  and  piezoelectric  load  cell 
spring  forces  (F2  and  F3)  lead  to  the  conclusion  that  the  actual  seat 
impact  force  may  be  obtained  directly  from  the  piezoelectric  load  cell 
output.  Furthermore,  the  close  agreement  given  by  the  simplified  analysis 
indicates  that  this  technique  may  be  used  for  design  extrapolation  when 
supported  by  defining  test  data. 

Of  overall  significance  to  seating  design,  this  analysis  has  shown  that 
the  number  of  impacts  incurred  per  real  cycle  is  variable  and  depends  to 
a  great  degree  on  the  system  spring  rates,  weights,  impact  velocity,  and 
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damping.  It  is  reasonably  certain  that  most  metal-seated  valves  without 
viscous  damping  experience  several  significant  impacts  per  cycle.  From 
the  analysis  it  is  also  apparent  that  seat  impact  forces  can  be  reduced 
by  employing  low  velocities  and  moving  weights  along  with  low-rate  con¬ 
tact  springs. 
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MODEL  FABRICATION  AM)  SURFACE  PREPARATION 


One  of  the  basic  purposes  of  the  program  research  effort  was  to  produce 
design  data  relating  the  sealing  surface  with  performance.  For  these 
data  to  be  meaningful,  however,  they  should  be  reproducible.  Thus,  not 
only  should  the  surface  be  defined,  but  the  method  which  produced  it  must 
be  sufficiently  well  described  to  permit  reasonable  reproduction.  The 
following  paragraphs  delineate  the  known  fabrication  factors  contributing 
to  specific  model  surface  preparation  and  ultimate  performance. 

Three  basic  model  configurations  were  designed — flat,  conical,  and  spher¬ 
ical.  Flat  models  for  the  initial  contract  effort  were  made  to  the  no¬ 
change  drawing  requirements  of  Fig.  60  through  62.  These  models  were 
modified  as  required  for  follow-on  testing.  Additional  flat  models  for 
the  follow-on  program  were  fabricated  from  the  A-change  drawings  of 
Fig.  63  and  64. 

Conical  models  with  three  basic  angles,  nominally  20,  33,  and  41  degrees, 
were  made  for  the  follow-on  effort  of  seating  geometry  evaluation  tests. 
Details  of  these  models  are  shown  in  Fig.  65  and  66.  To  permit  investi¬ 
gation  of  misaligned  cone  axis  performance,  a  series  of  tapered  spacers 
was  also  fabricated  (Fig.  67).  Typical  conical  model  assembly  with  and 
without  tilting  spacer  showing  installation  of  a  volume -reducing  leak 
collector  ring  (Fig.  68)  is  shown  in  Fig.  69. 

Similarly,  for  seating  geometiy  evaluation  purposes,  spherical  models 
with  the  same  nominal  seating  angles  as  the  conical  versions  were  also 
fabricated.  The  spherical  poppets  (Fig.  70)  were  epoxy-set  in  retainers 
after  machining  (Fig.  7l)  bo  form  a  semipermanent  assembly  as  shown  in 
Fig.  72.  Figure  73  illustrates  the  spherical  seats. 

As  noted  in  the  Test  Fixture  section,  the  initially  made  flat  seat  dimen¬ 
sions  were  determined  in  conjunction  with  loading  piston  size.  The  sub¬ 
sequently  made  conical  and  spherical  models  were  designed  such  that  the 
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0.030-inch  land  width  and  0.470-inch  mean  seating  diameter  dimensions 
established  for  the  flat  models  was  maintained.  Thus,  varied  configura¬ 
tion  performance  could  he  compared  on  a  common  basis. 

While  conical  and  spherical  seating  angles  of  15,  30,  and  45  degrees  were 
desired,  it  will  he  noted  that  the  parts  were  made  with  somewhat-different 
fractional  angles.  This  relationship  was  dictated  by  the  0.470-inch-mean- 
diameter  requirement,  and  the  resultant  angles  represent  the  best  approxi¬ 
mation  possible  with  the  standard  ball  sizes  available. 

As  some  of  the  initially  fabricated  models  were  reworked  to  the  later 
change,  basic  configuration  is  denoted  by  dra-wing-change  letter  in  the 
applicable  test  model  section.  Additionally,  all  parts  were  serialized 
as  also  noted  in  the  Test  section.  Rework  of  a  previously  tested  config¬ 
uration  is  indicated  by  the  serial  number  suffix  (RW),  followed  by  the 
rework  sequence  number.  Model  designations  for  initial  contract  models 
reiterated  herein  is  by  single  letter  exactly  as  in  Ref.  37-  Additional 
models  fabricated  for-  the  follow-on  effort  carry  subscripts — f  (flat), 
c  (conical),  and  s  (spherical). 

All  of  the  test  models  presented  above  are  complete  except  for  final  fin¬ 
ishing  of  the  back*  and  seating  surfaces.  Experimental  finishing  investi¬ 
gations  and  detail  model  surface  preparation  procedures  are  presented  in 
the  following  paragraphs.  Description  and  evaluation  of  the  resultant 
dimensions  and  surfaces  is  discussed  generally  in  the  Model  Inspection 
Equipment,  Procedures,  and  Data  section  and  more  specifically  for  each 
model  in  applicable  test  model  sections. 

FLAT -TURNED  MODELS 

Lathe-turned  models  to  be  evaluated  included  both  rough  (~-  16AA)  and 
finer  (~  4AA)  surfaces  on  hardened  17-4  PH  stainless  steel  (R^  45)  and 
606I-T65I  aluminum  alloy.  As  previously  mentioned,  the  literature  survey 

*As  noted  in  the  Test  Fixture  section,  to  ensure  model  assembly  accuracy, 
the  backfaces  of  all  follow-on  poppets  and  seats  were  unidirectional 
diamond  lapped  to  about  1-microinch  AA  using  1-  to  5-iaicron  diamond,  as 
described  herein. 
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1,0-Inch  Model  Seat 
(Drawing  No,  99-55652?) 
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0.5-Inch  Model  Seat 
(Drawing  No.  99-556529) 
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0,5-Inch  Model  Seat  (Drawing  No.  99-556529A) 
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Model  Poppet  (Braving  No.  99-5565284) 
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Figure  70.  Spherical  Poppet  (Drawing  No.  99-557778) 
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Figure  71.  Spherical  Poppet  Retainer 
(Drawing  No»  99-557780) 
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yielded  little  information  relating  the  turning  operation  with  the  result¬ 
ant  surface  texture.  Discussion  with  Hocketdyne  production  manufacturing 
personnel  indicated  that  turned  surfaces  under  l6-microinch  AA  were 
impractical  and  that,  in  general,  grinding  would  be  employed  when  lesser 
roughness  levels  were  specified.  This,  apparently,  is  the  common  produc¬ 
tion  approach. 

The  problem  was  then  taken  to  the  basic  (machinist)  level.  Discussion 
with  two  experienced  precision  mechanics  elicited  the  following  informa¬ 
tion,  particularly  about  turning  17-^»  PH  steel: 

1.  For  fine  finishing,  a  precision  lathe  is  necessary.  At  their 
shop,  Eardinge  lathes  were  used. 

2.  The  lathe  must  be  limited  to  finish-cutting  operations  as  pre¬ 
cision  degradation  will  occur  if  deep  roughing  cuts  are  fre¬ 
quently  taken. 

3.  While  they  had  not  attempted  lower  levels,  hardened  17-4  PH  was 
commonly  cut  to  about  10-microinch  AA. 

4.  Although  diamond  tooling  was  employed  for  harder  materials  (for 

instance  R  6O  440C  stainless  steel)  carbide  tools  were  used 
c  ' 

on  17-4  PH.  (High  -speed  steel  tooling  was  used  for  aluminum 
parts . ) 

5.  Cutting  tool  and  condition.  Here  opinions  diverged.  One  man 
advocated  lapped  preformed  nose  radii  with  high  surface  speed, 
while  the  second  preferred  dead  sharp  tooling  (with  self-generated 
radius  following  several  cuts)  and  relatively  slow  speed. 

6.  Depth  of  cut  should  be  kept  to  a  minimum  with  0.005-inch  pre¬ 
liminary  and  0.002-  to  0.001-inch  final  cuts.  Because  of  tool 
and  workpiece  springback,  depth  of  cut  less  than  0.001-inch 
usually  results  in  a  nonuniform  skipping  or  burnishing  action. 

7.  Coolant  or  cutting  aids.  It  was  generally  agreed  that  dry  cut¬ 
ting  was  to  be  avoided,  but  opinions  varied  as  to  the  use  of 
commercial  compounds  vs  such  fluids  as  benzene  and  kerosene. 
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To  investigate  these  claims  and  establish  procedures  for  fabrication  of 
test  models,  a  brief  experimental  program  was  undertaken.  Because  the 
specific  recommendations  of  ejqjert  machinists  were  being  followed,  these 
ejqjeriments  do  not  represent  a  methodical  investigation  of  individual 
parameters . 

Turning  Experiments,  17-4  PH  Steel 

Sample  parts  were  used  in  these  experiments,  approximately  1.305-inch  OD 
with  a  0.125-inch  land.  A  3/8-inch,  right-hand,  no-side-cutting  edge 
angle  Carboloy  No.  883  tungsten  carbide  tool  was  employed.  The  tool  was 
diamond-ground  to  a  near  dead  sharp  edge  and  corner  conditions  and  mounted 
normal  to  the  sample  face,  on  center.  Cutting  direction  was  from  ID  to 
OD.  All  experimental  and  final  model  machining  was  performed  on  a 
Hardinge  Model  HLV-H  lathe. 

With  this  tool,  a  0.005-inch  preliminary  and  0.002-inch  final  cut  was 
turned.  Without  tool  change,  three  0.005-inch  and  no  0.002-inch  cuts 
were  taken  on  a  second  sample.  Workpiece  speed  was  370  rpm  (~  126  sfm) 
with  a  tool  feed  of  ~ 0.00049  in. /rev.  A  commercial  cutting  fluid,  "Meyers 
Miracle"  (Micron! te  Finish,  Inc.,  Chicago,  Illinois),  was  used. 

Both  san5)le  parts  exhibited  a  fairly  uniform,  10-microinch  PTV  surface 
with  the  second  somewhat  better  overall  than  the  first.  Cutting  tool 
condition  before  and  after  these  cuts  is  shown  in  Fig.  74  through  77- 
Little  evidence  of  hue  was  noted,  and  the  nose  radius  generated  v'as  less 
than  0.001  inch. 


In  considering  the  formed  radius  approach,  a  tool  of  the  same  type  was 
lapped  on  all  faces  and  a  0. 014/0. 015-inch  nose  radius  formed.  A  cut 
taken  at  1100  rpm  (~  376  sfm)  with  a  0.0014-in. /rev  feed  produced  a 
rougher  surface  than  that  of  the  self— generated  radius  tool.  Inspection 
of  this  second  tool  (shown  in  Fig.  78)  indicated  approximately  0.0005-inch 
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Figure  ']k.  Sample  17-4  PH  Cutting 
Tool  No.  1,  0.033-  X  0.033-Inch 
Plain  Photo  Showing  Top  Face  As- 
Ground 


Figure  75.  Sample  17-4  PH  Cutting 
Tool  No.  1,  0.033-  X  0.033-Inch 
Plain  Photo  Showing  Side  Cutting 
Face  As-Ground 


Figure  76. 
Tool  No .  1 , 
Plain  Photo 
Turning  Two 


Sample  17-4  PH  Cutting 
0.033-  X  0.033-Inch 
Showing  Top  Face  After 
Samples 


Figure  77-  Sample  17-4  PH  Cutting 
Tool  No.  1,  0.033-  X  0.033-Inch 
Plain  Photo  Showing  Side  Cutting 
Face  After  Turning  Two  Samples 
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Figure  78.  Formed  Radius  Sample 
17.4  PH  Cutting  Tool,  0.033-  x 
0.033-Inch  Plain  Photo  Showing 
Top  Face  After  Sample  Turning 


Figure  79-  Formed  Radius  Sample 
17.4  PH  Cutting  Tool,  0.033-x 
0.033-Inch  Interference  Photo 
Showing  Top  Face  Prior  to  Sample 
Turning 
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A  third  tool,  still  of  the  sEune  type,  was  lapped  and  a  0.012-inch  radius 
formed  as  shown  in  Fig.  79-  Using  a  noncritical  roughing  tool  to  take  a 
0.005-inch  preparatory  cut,  the  formed  tool  followed  with  a  0.002-inch  cut, 
taken  dry  but  under  the  same  feed  and  speed  conditions  as  the  self-generated 
radius  parts.  There  appeared  to  he  negligible  tool  wear  and,  while  the 
saii5)le  part  looked  nearly  the  same  as  the  first  sEimples,  it  was  slightly 
rougher  and  more  wavy  as  evidenced  by  Profilometer  readings. 


Profilometer  Surface  Rou^mess  Arithmetic 
Average,  Microinch,  0.0005-Inch 

Stylus  Tip  Radius 

Cutoff, 

inches 

Part 

Cross  Lay 

With  Lay 

0.03  0.01  0.003 

0.03  0.01  ,0.003 

Sample,  self— generated  tool 
radius 

2.4  1.9  1.9 

2.5  1.5  0.8 

Sample,  formed  tool  radius 

3-7  3.5  2.9 

2.5  1.9  1.5 

At  this  point,  it  was  decided  that  the  self-generating  radius  approach 
was  more  likely  to  produce  the  desired  surfaces  and  no  further  experimen¬ 
tation  was  performed. 


Turning  Experiments,  Aluminum 

Turning  fine  surface  roughness  aluminum  parts  proved  to  involve  no  major 
problems  and  minimal  experimental  effort  was  expended.  While  detail  pro¬ 
cedures  are  reported  in  the  specific  model  description,  the  following 
general  requirements  evolved: 

1.  Tool:  high-speed  steel  with  chip  breaker  and  fairly  sharp  nose 
radius 

2.  Speed:  approximately  150  sfm 

3-  Feed:  approximately  0.0003  in. /rev 

4,  Final  depth  of  cut:  0.005  inch 

5.  Lubricant:  kerosene 


231 


Model  Fabrication 


Although  fabricated  to  the  general  no-change  drawing  requirements  of 
Fig.  6l  and  62,  certain  seating  land  changes  were  necessary  when  turned 
model  surfaces  were  cut.  To  provide  a  positive  land  for  inspection  pur¬ 
poses,  a  relief  groove  was  cut  into  the  poppet  face.  It  was  found,  how¬ 
ever,  that  a  simple  dicimetral  plunge  cut  at  the  land  OD  raised  a  btirr  on 
the  edge  of  the  seating  surface.  Therefore,  all  poppets  were  machined 
from  the  ID  and,  when  the  desired  OD  was  attained,  the  tool  was  fed  into 
the  work  to  form  the  relief  groove  in  a  continuous  cutting  operation. 

The  seats,  although  having  basic  fabricated  relief  grooves,  were  cut  in 
the  scune  fashion.  The  outer  lapped  land  was  not  cut.  Setup  concentricity 
on  poppets  and  seats  was  held  to  O.OOOO5O  TIR.  Specific  surface  fabrica¬ 
tion  data  are  tabulated  below. 


Model 

Average  Cutting 
Speed,  sfm 

Nominal  Feed, 
in. /rev 

Final  Cut 
Depth,  inch 

Cutting  Fluid 

‘^f 

45.5 

0.00069 

0.0030 

Meyers  Miracle 

Nf 

56.5 

0.00029 

0.0020 

Meyers  Miracle 

Rf 

113.5 

0.00031 

0.0050 

Kerosene 

"f 

166.0 

0.00029 

0.0050 

Kerosene 

FIAT-GROUND  MODELS 

To  permit  evaluation  of  surface  texture  resulting  from  grinding  operations, 
two  representative  models  were  made;  one  with  unidirectional  lay,  the  sec¬ 
ond  having  nearly  circular  lay.  These  model  surfaces  wore  fabricated  on  a 
linear  reciprocating  surface  grinder  with  rotary  table  attachment  capabili¬ 
ties.  A  perfect  circular  lay  is  not  possible  with  this  machine  as  the 
grinding  wheel  turns  at  high  speed  in  a  plane  normal  and  tangential  to 
the  surface  of  the  relatively  slowly  rotating  workpiece  producing  a  series 
of  short  tangential  cuts. 
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The  almost  infinite  comhinations  oi  feed  rates  and  wheel  type  precluded 
extensive  experimentation.  The  recommendations  of  experienced  precision 
grinding  machinists  were  evaluated  in  the  fahrication  of  several  sample 
parts.  Inspection  indicated  these  surfaces  would  he  suitable  for  test, 
and  the  model  surfaces  were  prepared  in  the  same  manner. 

Both  model  svirfaces  were  fabricated  on  a  Model  6l2  Boyer-Schul tz  linear 
reciprocating  surface  grinder.  Although  this  machine  required  manually 
operated  feeds,  its  bearings  were  in  better  condition  than  available 
automatic  machines.  A  fine-grit,  aluminum-oxide  vitrified  bond  wheel 
(38A8O-J5VBE) ,  turning  at  2850  rpm  (3820  sfm),  was  used  with  Richfield 
D.O.  soluble  oil  grinding  fluid. 

For  fabrication  of  circular  lay  surfaces,  parts  were  mounted  on  a  port¬ 
able  rotating  table  attached  to  the  grinder  bed.  The  part  was  set  up  to 
rotate  concentrically  within  0.001-inch  TIH  and  wheel-workpiece  centers 
were  aligned  within  0.001  inch.  At  the  point  of  contact,  grinding  wheel 
and  workpiece  rotated  in  opposite  directions  with  the  wheel  turning  at 
2850  rpm  and  the  table  at  73  rpm. 

The  model  surfaces  were  fabricated  as  follows  with  the  final  passes  made 
at  zero  depth  of  cut  to  a  sparkout  condition; 


Workpiece  Speed 
Relative  to  Wheel 
Contact  Point, 

Workpiece  Feed 

Depth 
of  Cut, 

Model  and  Lay 

sfm 

in. /rev 

in. /pass 

inch 

Model  Dj 
Unidirectional 

6.5 

— 

0.005  to 
0.010 

0.0001 

Model  A^ 
Circular 

9.0 

0.00045 

— 

0.0002 
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PROCESSED  MODELS 


Except  for  the  anodized  alumiiiLmi  models,  the  noted  processes  were  applied 
to  previously  fabricated  and  tested  surfaces  to  evaluate  and  compare  the 
process  effect  on  sealing  capabilities. 


Liquid  Honed 

Many  static  sealing  surfaces  are  liquid  honed  to  improve  basic  fabrication- 
caused  rougluiess .  The  resultant  surface  is  generally  quite  uniform  in 
appearance  and  is  sometimes  referred  to  as  a  satin  finish.  One  test  model 
was  made  to  investigate  the  surface  and  sealing  characteristics  of  this 
process . 

The  liquid-hone  process  employs  a  slurry  of  water  and  abrasive  pumped  to 
a  pressurized  gas-fed  nozzle  and  directed  at  the  worlcpiece.  The  extent 
to  which  the  surf;ice  is  changed  is  dependent  upon  nozzle-vorlq)iece  spacing, 
pressure,  abrasive,  and  exposure  time  variations. 

Sample  ^iTOC  stainless-steel  surfaces  were  unidirectional  diamond  lapped 
to  approximately  1-microinch  AA  and  subjected  to  various  combinations  of 
process  time  and  particle  velocity  using  320-grit,  aluminum- oxide  abrasive. 
The  fine-base  surface  was  chosen  to  ensure  that  a  terminal  finish  (the 
best  to  be  attained  with  the  abrasive  used)  \v'ouid  be  produced. 

These  experiments  indicated  that,  with  the  workpiece  6  ijiches  from  the 
nozzle  and  a  supply  pressure  of  25  P^ig,  near  lOO-percent  surface  change 
(process  density)  was  achieved  after  20  seconds  exposure  time.  Appropri¬ 
ately  masked  to  provide  an  imhoned  comparison  surface  outside  the  seating 
area,  Model  Ij,  was  processed  in  this  manner. 

In  the  course  of  abrasive  blasting  experiments,  the  glass  bead  buffing 
process  was  investigated  briefly  also.  This  concept  considers  that  the 
worlcpiece  is  peened  to  improve  the  existing  surface  and  base  metal  is  not 
removed  or  "appreciably"  disrupted.  This  may  he  true  for  rougher  or  softer 
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material  surfaces.  It  was  found,  however,  that  in  both  wet  and  dry  sys¬ 
tems  using  0.001-  to  0 . 005-inch-diaineter  beads,  when  pressures  and  expo¬ 
sure  time  of  sufficient  magnitude  to  cause  discernible  change  in  the  4'iOC 
sample  surface  were  used,  the  heads  shattered  on  impact,  cutting  the  test 
surface.  To  achieve  lOO-percent  process  density,  the  surface  was  so 
degraded  as  to  be  nearly  identical  to  the  liquid-honed  samples  and  no  fur¬ 
ther  i nve  s  t i ga  t i ons  we  re  pert  orme  d . 


Passivated 


Many  rocket  engine  valve  parts  are  passivated  as  a  routine  matter  of 
course.  The  process  is  generally  considered  to  perfonn  two  functions: 

(1)  supercleaning  where  embedded  metal  chips  and  fabrication  residue  are 
removed,  thus  rendering  the  surface  “passive"  to  corrosive  attack,  and 

(2)  the  fornicition  of  an  extremely  thin  protective  oxide  film. 

Test  Model  with  1-raicroinch  AA  imid i rec t i onnl  lapped  poppet  and  seat 
surfaces,  was  subjected  to  a  standard  passivation  process  (Rocketdyne 
Process  Specification  RAOllO-OlS)  consisting  of  cleaning,  immersion  in  a 
solution  of  20-  to  53-percenL  (by  volume)  nitric  acid  and  deionized  water 
at  135  R  for  30  minutes  and  subsequent  hot. -water  rinse. 


Anodized 


Although  (3O6I  aluntiniun  alloy  is  often  not  anodized,  tests  of  untreated 
models  resulted  in  gross  surface  plastic  deformation.  To  provide  a  more 
stable  surface,  Model  and  seats  were  chromic  acid-anodized  (after 
geometrical  sux’face  preparation)  per  Rocketdyne  Process  Specification 

RA0i09-021  (MIL-A-8625). 


Gold  Plated 

The  use  of  gold  plate  as  a  soft  interfacial  sealant  was  investigated  by 
plating  the  model  seat  member  only.  One  conical  and  two  flat  models 
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processed  to  evaluate  thick  (40  to  60  iiiicroinches )  and  thin  (lO  to  20 
microinches )  coatings.  A  standard  electrolytic  plating  process  vas  used 
(Rocketdyne  Process  Specification  1010109-005).  Because  all  parts  were 
made  of  440C  stainless  steel,  a  5-  to  7-niicroinch  nickel  strike  vas 
required  prior  to  plating  to  ensure  proper  adhesion. 


FLA.T-1APPED  MODELS 

The  flat-lapped  models  constituted  the  majority  of  model  surfaces  inves¬ 
tigated,  This  stemmed  frora  established  process  and  teclmiques  which  have 
proved  to  he  the  simplest  for  producing  precision  surfaces.  Furthermore, 
many  rocket  engine  valves  utilize  flat,  lapped  seating  surfaces. 

Because  of  the  subjectivity  (art)  associated  with  the  lapping  process, 
little  specific  data  were  available  for  the  initial  contract  effort  to 
produce  the  desired  variety  of  surface  textures  (0.5  to  8  AA),  As  a 
result,  available  commercial  lapping  methods  were  employed.  These  models 
(reiterated  herein),  constitute  the  rougher  surface  textures  investigated 
and  also  do  not  have  the  refinements  incorporated  in  later  follow-on 
models . 

The  mechanism  of  Icipping  is  not  a  well-understood  process.  Theories  for 
the  surface  textures  produced  herein  have  resulted  frora  a  study  of  those 
surfaces  in  conjunction  with  the  load-leakage  test  which  has  proved  to  he 
a  more  accurate  measure  of  overall  geometry  than  any  instrument  utilized 
in  the  program.  While  the  models  fabricated  for  the  initial  effort  were 
lapped  by  experienced  mechanics,  all  flat  lapped  follow-on  models  were 
finished  by  the  program  project  engineer,  thus  allowing  first-hand  experi¬ 
ence  in  the  process  definition  and  also  means  for  trial  and  error  advance¬ 
ment  of  techniques. 

Correlation  of  inspection  and  test  data  with  fabrication  methods  proved 
to  be  a  powerful  tool  in  directing  the  overall  experimental  fabrication 
approach.  This  led  to  progressive  improvements  reflected  by  the  follow-on 
models.  These  are  reported  in  the  Experimental  Test  Program  section  in 
near-chronological  order. 


General  methods  for  surface  finishing  the  flat  lapped  models  are  described 
in  the  following  paragraphs.  Features  peculiar  to  any  one  model  are  iden¬ 
tified  in  the  surface  description  given  in  the  specific  test  model  sections 

Loose  Abrasive  (Vet)  Lapped 

In  loose  abrasive  lapping,  rolling  particles  wear  the  worl<piece  (and  lap) 
by  occasional  cutting.  The  abrasives  are  held  in  suspension  by  a  special 
compound  which  is  diluted  as  necessary  with  kerosene  or  similar  hydro¬ 
carbons  to  maintain  a  wet  slurry  of  abrasive  and  carrying  agent.  Because 
of  the  relatively  large  amount  of  compound  required,  inexpensive  grits 
such  as  aliuninum  oxide  are  most  often  used.  A  feature  of  many  abrasive 
grits  is  that  they  wear  or  break  down  readily  into  smaller  crystals  so 
that  a  progressively  finer  surface  '■finish  is  obtained  with  continued  use. 
Unfortunately,  this  breakdown  is  not  luiiforra  and  deep  scratches  often  occur 

The  texture  produced  from  wet  lapping  is  a  multidirectional  matte  appear¬ 
ing  surface  composed  of  a  distribution  of  hills  and  valleys.  This  is 
caused  by  the  changing  path  of  the  worlcpiece  on  the  lap.  Deeper  pits 
and  scratches  caused  by  larger  particles  are  generally  not  visible  due  to 
the  overlay  of  smaller  texture  (near  light  wave  length  in  dimension) 
within  these  larger  defects  that  results  in  their  visual  merger  with  the 
general  texture.  (Many  sealing  surfaces  are  being  produced  with  the 
erroneous  concept  that  the  matte  texture  provides  the  best  sealing  char¬ 
acteristic,  primarily  due  to  the  obvious  scratches  and  flaws  evident  with 
more  reflective  surface  finishes.  A  little  polishing  generally  suffices 
to  brighten  matte  surfaces  and  reveal  otherwise  hidden  defects.) 

Figure  80  shows  a  test  part  being  lapped.  While  unused  compound  is  nearly 
white,  the  mixture  is  rapidly  turned  black  from  the  myriad  of  metallic 
lapping  chips.  This  is  one  measure  of  the  metal  removal  rate. 

The  goal  of  the  initial  contract  effort  was  to  vary  the  surface  roughness 
from  1/2  to  8  AA  in  incremental  steps  while  keeping  the  other  surface 
parameters  constant.  The  action  of  a  variety  of  compoimds  on  440C  steel 
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Figure  80.  Test  Part  Being  Lapped 


lest  parts  was  investigated  before  defining  a  final-finishing  method; 
these  included  alimiinim  oxide,  silicon  carbide,  and  corundujn.  The  normal 
surface  roughness  on  a  production  lapped  part  was  2-  to  3-microinch  AA 
(O. 03-inch  cutoff)  as  lapped  with  a  900-grit  aluminum  oxide  compound 
(Models  A. seat  only,  and  B).  Unfortunately,  semiuniform  surfaces  above 
this  roughness  level  wore  very  difficult  to  achieve.  The  major  problems 
with  the  rougher  surfaces  were  severe  scratches  and  edge  rounding  (or 
duboff).  By  trial  and  error,  nearly  uniform  surfaces  of  4  (Model  C)  and 
6  (Model  D)  raicroinches  j\A  were  achieved  using  280-grit  corundum  compound. 
Both  surfaces  wore  obtained  with  the  same  compound  but  at  different  stages 
of  compound  breakdown. 

The  test  parts  used  for  the  evaluation  of  material  properties  (j  and  K) 
and  gross  geometry  errors  (ll  and  1.)  were  prepared  with  the  9^^0-grit  alum¬ 
inum  oxide  compound  to  a  nominal  2-microinch  j\A  roughness. 

Inspection  of  the  surface  texture  under  the  interference  microscope 
required  a  reasonable  degree  of  reflectivity;  therefore,  most  of  the  test 
poppets  and  seats  having  a  matte  texture  were  lightly  polished.  The 
exceptions  were  the  4-  and  6-microinch  AA  surfaces  (Models  C  and  D)  where 
a  rough  texture  was  of  interest.  Polishing  of  these  surfaces  to  a  reas¬ 
onable  degree  of  reflectivity  would  have  reduced  the  roughness  by  as  much 
as  56  percent. 

The  polishing  operation  realigns  the  surface  texture,  leaving  shallow, 
smooth-sided  troughs  made  up  of  facets  inclined  at  small  angles.  Realign¬ 
ment  of  these  facets  at  nearly  the  same  angle  produces  a  highly  reflective 
configuration  which  is  the  visual  characteristic  of  a  polished  metal 
surface . 

The  compounds  used  for  polishing  are  generally  very  fine.  For  the  test 
poppets  and  seats,  1200-grit  aluminum  oxide  compound  was  used.  Bond  writ¬ 
ing  paper  taped  to  a  precision  flat  granite  surface  plate  provided  the 
necessary  resilient  lap  to  retain  the  compound. 
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Diamond  Lapped 


Diamond  lapping  is  usual  ly  performed  wi  (,h  much  less  compound  (in  some  cases 
almost  dry)  than  the  loose  abr-asive  process  previously  described.  This  is 
due  primarily  to  (he  high  cost  of  diamond  compounds.  The  Iheory  of  cut  ting 
is  that  the  diamond  particles  are  embedded  into  the  lapping  plate  vi  th  ,a 
myriad  of  minute  cutting  edges  protruding  above  the  compound  film  to  shear 
material  from  the  vorkpiece .  Actually,  the  characteristically  pitied  sur¬ 
face  produced  by  roiling  compound  grits  may  be  obtained  by  using  a  thick 
film  or,  as  previously  described,  a  vet  slnrrj'  of  compound  and  a  thinning 
agent  such  as  oil  or  kei'osene . 

The  sniTace  obtained  vi th  very  thin  films  of  compound  (including  aluminum 
oxide,  etc.)  is  basically  composed  of  a  continuous  scries  of  scratches. 
Because  of  the  relatively  long  lengths  of  the  scratches  vith  respect  to 
light  vavolength,  diamond  lapped  surfaces  are  relatively  mirrorlike.  With 
specular  surfaces,  scratches  down  to  only  1-microinch  deep  may  be  discerned 
vithout  magnification  by  proper  orientation  of  the  surface  Lovard  a  bright 
i  i  gh  t . 

All  of  the  hhOC  follov-on  models  were  diamond  lapped.  Considerable  exper¬ 
imentation  was  performed  to  produce  suitable  models  of  different  geometry 
for  comparison  of  the  surface  roughness  parameter.  Consecpient ly,  lapping 
methods  vere  developed  to  produce  several  extremely  fine  surface  textures. 
It  is  emphasized,  hovever,  that  such  methods  vere  aimed  at  producing  only 
a  fev  models  and,  therefore,  do  not  represent  the  evolveinent  of  any  pro¬ 
duction  technique. 

Meehani te  cast  iron  vas  employed  for  the  basic  lapping  plates.  These 
pia  Les  vere  (>  inches  in  diameter  vith  O.Ob-iiich  concentric  circular 
grooves  spaced  at  l-irich  diametral  intervals.  The  plate  surface  vas  initi¬ 
ally  prepared  by  machine  fiat  lapping  vith  900-grit  aluminum  oxide  compound 
to  a  10-  to  20-mi cro inch ,  tull-crovii  (convex)  condition.  This  ailoved  for 
lap  vear  vhile  maintaining  poppets  and  seats  flat  vi thin  2  microinches  over 
the  i/2-inch  seat  diameter. 
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The  surface  was  then  ultrasonically  cleaned  followed  by  hand  lapping  with 
a  hardened  steel  part  using  the  final  grit-size  diamond.  This  adequately 
removed  the  softer  900-grit  compound.  Paste  compounds  of  "Pressure-Tested"* 
diamond  grits  having  a  medium  concentration  were  used  with  the  above  plates 
for  all  diamond  lapping. 

Wear  of  the  lapping  plates  from  use  was  quite  variable  and  depended  pri¬ 
marily  upon  the  amount  of  lapping  performed  with  loose  compound.  Wear 
was  considerably  less  when  lapping  with  a  fixed  thin  film  which  did  not 
coat  the  workpiece.  Continuous  inspection  with  an  optical  flat  allowed 
the  plates  to  be  kept  in  a  reasonably  flat  condition  by  distributing  the 
wear.  However,  reconditioning  was  required  after  about  3  hours  use. 

Preliminary  preparation  of  the  test  models  before  diamond  lapping  con¬ 
sisted  of  a  multidirectional  lapping  of  both  faces  to  about  a  2-microinch 
AA  roughness.  Parallelism  across  the  l/2-inch  seating  diameter  was  held 
to  within  10  microinches. 

Unidirectional  Lay.  Test  models  A  (poppet),  F,  and  G,  fabricated  for  the 
initial  effort,  were  hand  lapped  using  a  h-  to  8-micron  diamond.  The 
final  surfaces,  however,  bear  little  resemblance  to  the  as-lapped  condi¬ 
tion  because  of  a  variable  amount  of  polishing  (see  model  inspection  data). 

Models  G^,  X^,  Y^,  1^,  J^,  T^,  W^,  and  P^,  finished  for  follow-on  contract 
tests,  represented  the  basic  standard  from  which  other  variables  were 
studied.  These  models  were  all  lapped  to  a  nominal  0.7-microinch  AA 
roughness  as  follows: 

1.  A  6-inch  plate  was  coated  by  distributing  light  spots  of  1-  to 
5-micron  compound  at  1-inch  intervals  over  the  plate  and  then 
smearing  with  the  finger. 
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2.  The  plate  was  then  run-in  with  a  hardened  steel  cylinder  to 
create  a  uniform  film.  Benzene  was  used,  as  required,  to  thin 
the  film  so  that  a  uniform  thickness  could  be  obtained. 

3.  The  run-in  part  was  then  checked  to  ensure  proper  plate  condition 
and  the  plate  cleaned  and  recharged. 

4.  Poppets  and  seats  were  finished  by  alternately  lapping  at  right 
angles  to  remove  entirely  the  previous  texture.  As  this  is  rep¬ 
resented  by  the  deepest  scratch,  up  to  20  microinches  was  removed, 
depending  upon  film  thickness  and  pressure. 

Thin  film  (light  gray)  and  high  pressure  (>  3  psi)  resulted  in 
deep  scratches  and  rougher  finish.  Thick  film  (heavy  black) 
coated  the  worlqjiece  and  caused  rolling  grit  and  thus  undesirable 
pits.  The  optimum  film  thickness,  obtained  by  trial  and  error, 
was  found  to  be  just  enough  to  support  the  workpiece  and  grit 
without  coating  the  lapped  surface.  Too  much  benzene  thinning 
necessitated  recharging  the  plate.  With  proper  film  thickness, 
the  plate  appeared  almost  dry  with  a  gray-black  color.  With 
this  film,  a  uniform  surface  texture  was  obtained  on  the  440C 
models  in  as  few  as  ten  4-inch  strokes  removing  about  10  to  I5 
microinches  of  material.  During  stroking  (about  4  in. /sec), 
the  part  was  made  to  glide  freely  (float)  without  viscous  drag. 
This  was  accomplished  with  lapping  pressure  less  than  1  psi . 

The  final  peak-to-valley  roughness  was  primarily  a  function  of 
film  thickness  and  lapping  pressure. 

Model  Lj  represented  an  unsuccessful  attempt  to  obtain  scratch— free  uni¬ 
directional  seating  surfaces  having  a  peak-to-valley  roughness  of  less 
than  1  microinch.  After  considerable  experimentation,  it  was  concluded 
that  due  to  the  extremely  low  material  removal  rate  (about  1  microinch 
for  400  inches  of  lapping),  the  probability  of  lapping  out  a  5-niicroinch- 
deep  scratch  without  causing  another  one  was  remote.  Consequently,  model 
Lj  was  finished  to  a  nominal  0.3^nicroinch  AA  with  approximately  60 
scratches  about  30  microinches  wide  and  less  than  3  microinches  deep. 
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The  procedure  followed  for  lapping  model  consisted  of: 

1.  Poppet  and  seat  were  diamond  lapped  to  1-microinch  AA  as  noted 
above . 

2.  A  6-inch  plate  was  charged  with  0-  to  1-micron  water-soluble 
lapping  compound. 

3.  As  before,  development  of  the  correct  lapping  film  was  necessary 
to  ensure  minimum  scratching.  With  this  compound,  the  film  was 
obtained  by  alternately  spraying  (sparingly)  with  benzene  and 
lightly  wiping  with  a  Kimwipe  tissue  to  distribute  and  remove 
excess  compound.  The  workpiece  was  then  gently  laid  on  the  lap 
and  unidirectionally  stroked  to  develop  further  the  final  film 
thickness.  If  the  correct  amount  of  compound  was  on  the  lap, 
this  occurred  within  several  strokes  and  the  part  was  then  alter¬ 
nately  right-angle  lapped  to  remove  previous  textures. 

The  point  at  which  to  stop  lapping  and  accept  the  results  of  the  above 
procedure  is  a  matter  of  personal  judgment.  Many  times  during  the  course 
of  refinishing  various  models,  additional  strokes  were  taken  to  make 
slight  improvements  only  to  have  the  surface  ruined  (at  least  for  use  as 
a  test  model)  by  deep  scratches.  It  should  be  noted,  however,  that  one 
or  a  few  deep  scratches  may  contribute  an  insignificant  amount  of  leakage 
under  a  given  loading.  Knowing  the  desired  loaded  leakage  of  a  typical 
model,  the  scratch  leakage  may  be  computed  from  the  equations  and  curves 
presented  in  the  Seating  Analysis  section. 

Tungsten  carbide  poppets  of  models  and  S^  were  finished  as  above. 
Because  of  the  extreme  hardness  of  carbide,  scratching  was  minimal  and 
very  uniform  texture  was  obtained  in  considerably  less  time  than  the  440C 
models . 


Circular  Lay.  Circular  lay  as  applied  to  most  surfaces  is  a  misnomer. 
The  American  Standard  (Ref.  l)  defines  lay  as  "the  direction  of  the  pre¬ 
dominant  surface  pattern,  ordinarily  determined  by  the  production  method 


243 


used."  Because  most  drawings  do  not  specify  production  methods,  the 
parameters  of  lay  circularity  are  undefined. 

Initial  attempts  at  hand  diamond  lapping  circular  lay  surfaces  proved 
unsatisfactory,  l^diile  pleasing  to  the  eye,  microinterferometric  inspec¬ 
tion  revealed  the  surface  texture  to  consist  of  a  criss-crossing  of 
scratches  which  would  tend  to  decrease  the  efficacy  of  this  technique. 

A  series  of  experiments  was  undertaken  utilizing  a  lathe  for  turning  the 
model  while  machine  feeding  a  small  lap  across  the  seating  face.  The 
setup  for  lathe  lapping  is  shown  in  Fig.  81.  The  fixture  for  loading  and 
positioning  the  lap  consisted  of  a  spring-loaded  plunger  with  a  3/l6-inch 
steel  hall  socketed  in  centerpoint  holes  provided  in  the  plunger  end  and 
backface  of  the  lap.  The  self-aligning  lap  was  restrained  from  turning 
with  the  workpiece  by  guide  ears  on  the  plunger  holder  (.Fig.  82). 

To  maintain  flat  surfaces,  it  was  necessary  for  the  lap  load  to  be  dis¬ 
tributed  between  the  wider  outer  land  and  the  seating  surface.  It  was 
also  found  that  the  entire  seat  diameter  could  not  be  enclosed  by  the  lap 
(Fig.  82)  as  the  lapped  surfaces  had  to  be  kept  barely  vet  with  benzene 
to  avoid  sticking.  This  requirement  precipitated  the  rework  of  the  relieved 
poppet  land  as  shown  in  Fig.  64. 

Detail  procedures  and  requirements  which  evolved  for  lathe  lapping  are 
summarized  below: 

1.  The  lap  (consisting  of  a  rectangular  block  of  Meehanite, 

5/8  X  15/16  X  0.30  inch,  containing  a  45-degree  crossing  of 
l/16-inch-wide  grooves  on  3/l6-inch  centers)  was  conditioned 
flat  within  2  microinches  convex  using  the  final  diamond  grit 
and  then  cleaned. 

2.  A  thin  smear  of  diamond  compound  was  spread  on  the  lap  and  an 
even  film  distributed  by  running-in  a  small  steel  block. 
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Figure  81.  Lathe  Setup  for  Circular  Lay  Lapping  Flat  Surfaces 


246 


31 0-99/9 


3.  With  the  lathe  running  at  250  rpm  and  0.005  in, /rev  (compound) 
feed,  the  seating  face  was  wet  with  benzene  and  immediately  fol¬ 
lowed  hy  loading"  of  the  lap  to  the  seat  with  0.3-pound  force 
(about  4-psi  contact  pressure  for  the  actual  bearing  area). 
Crossfeed  was  alternately  reversed  (without  stopping  lathe)  so 
that  lap  load  was  balanced  between  the  seat  and  outer  lap  land. 

4.  The  seat  face  was  periodically  sprayed  with  benzene  to  maintain 
a  barely  wet  i  viterface  between  lap  and  seat.  Black  deposits  at 
the  lap  edge  were  indicative  of  cutting. 

5-  To  eliminate  most  radial  scratches  a  part  was  run  about  5  to  50 
minutes,  depending  upon  prefinish, with  intermediate  lap  recharg¬ 
ing.  While  deep  radial  scratches  (lO  microinches)  caused  long 
running  time,  wide  scratches  (>  100  microinches)  or  flaws  could 
not  be  removed  hy  too  fine  a  compound  as  the  tendency  was  to 
lap  inside  the  scratch.  Consequently,  the  prelap  finish  con¬ 
sisted  of  about  the  same  roughness  level  as  the  final  nominal 
circular  lay  roughness. 

To  compare  with  previous  unidirectional  finishes,  circular  lapped  models 
were  prepared  using  1  to  5  (Bj)  &nd  0  to  1  (H^  and  CC^,  including  tungsten 
carbide  poppet)  micron  diamond  compounds. 


Corner  Duhoff  and  Crowning.  During  the  test  effort  (later  described)  it 
was  found  that  sharp  corners  (<  0.0001-inch  radius)  were  being  fractured. 
Corner  breaks  were  therefore  provided  on  additional  model  seats  (s/N's  009 
through  012)  as  shown  in  Fig.  63.  While  the  added  land  edge  backup  mate¬ 
rial  precluded  further  fractures,  a  corner  discontinuity  still  resulted 
from  flat  lapping  which  caused  high  contact  stresses  at  these  locations. 
During  fabrication  of  early  models,  it  was  found  that  corner  duhoff  was 
a  natural  result  of  lapping  on  a  resilient  surface  (such  as  bond  paper 
on  a  granite  flat).  Moreover,  hy  varying  lap  time,  amount  of  compound, 
and  pressure,  the  dubbing  could  be  varied  from  a  small  edge  roll  to  almost 
a  full  land  crown  radius. 
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All  flat  diamond  lapped  models  were  lightly  polished  using  a  completely 
wiped-in  film  of  1200-grit  aluminum  oxide  compound  on  bond  paper.  This 
consisted  of  about  five  swirling  rubs  which  improved  reflectivity  but  did 
not  noticeably  dub  the  corners.  Later  models,  however,  were  intentionally 
predubbed  before  final  finishing  (see  models  Y^,  T^,  and  P^) 

to  provide  a  more  uniform  seating  stress. 

The  development  of  the  dubbed  land  led  to  the  improved  circular  lay,  full- 
crowned  seats  of  models  AA^,  and  (poppet  also).  These  crowned 
models  were  finished  in  the  following  steps. 

1.  The  seating  surfaces  were  unidirectional  lapped  with  1-  to  5- 
micron  diamond  compound  followed  by  polish  dubting,  Too-heavy 
polish  caused  enlargement  of  minute  flaws  or  pits, 

2.  The  seat  was  then  set-up  on  the  lathe  as  before,  except  the  lap 
and  ball  joint  axes  were  made  coincident  with  that  of  the  seat. 
For  a  resilient  lap,  a  piece  of  3/8-  x  5/8-inch  micarta  (3/8-inch 
depth)  with  a  polished  flat  lapping  surface  was  used.  This  was 
charged  with  a  thin  film  of  1-  to  3-“>icron  diamond  compound  using 
a  small  steel  block. 

3.  With  the  lathe  running  (as  before)  the  seat  surface  was  wet  with 
benzene  immediately  followed  by  loading  of  the  lap  to  the  seat 
with  about  2  pounds  of  force.  Depending  upon  charge,  predub  and 
scratches  to  be  removed,  1  to  5  minutes  were  required  to  finish 

a  seat.  Benzene  was  used,  as  necessary,  to  keep  the  lapping  sur¬ 
faces  barely  wet. 


CONICAL  MODELS 

With  conical  models,  the  basic  fabrication  problem  is  to  match  the  included 
angles  of  poppet  and  seat.  For  a  given  leakage  requirement,  the  maximum- 
differential  for  good  design  (i.e.,  low  peak  contact  stress)  is  a  complex 
function  of  the  loading  and  surface  roughness  since  these  factors  are 
interrelated  with  the  load  variable  land  width.  Some  insight  into  the 
problem  may  be  gained  by  comparison  with  the  crowned  land  geometry.  For 
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a  crowned  seat  of  10,0-inch  radius  (Z  =  11,3  microinches)  the  apparent 
flattening  stress  (Fig,  for  a  0.03-inch  land  is  about  10,000  psi . 

Neglecting  the  edge  effects  which  will  lower  this  value,  the  maximum 
contact  stress  (cr^)  is  12,700  psi  {k/ir  x  10,000). 

A  tapered  land  of  the  same  gap  would  have  nearly  the  same  geometry  and 
volume  of  metal  to  be  displaced  in  developing  a  full  land  width.  Because 
of  the  higher  contact  stress  at  the  contacting  taper  edge,  the  flattening 
load  should  be  something  less  than  that  of  the  crowned  model.  It  would 
seem  reasonable,  therefore,  that  the  taper  gap  for  model  valve  seats  being 
considered  should  not  exceed,  say,  15  microinches  for  a  working  apparent 
contact  stress  of  5000  to  20,000  psi.  Below  5000  psi,  land  width  is 
likely  to  be  low,  whereas  above  20,000  psi,  the  peak  contact  stress  could 
cause  plastic  deformation  of  the  mating  surface  for  many  material  combi¬ 
nations,  (a  possible  solution  to  this  might  be  the  use  of  a  poppet  suit¬ 
ably  harder  than  the  seat.  However,  this  is  no  assurance  that  the  poppet 
will  not  be  plastically  deformed  as  concentrated  contact  pressure  in  con¬ 
strained  areas  may  be  many  times  greater  than  unrestrained  plastic  flow 
pressures  which  are  nominally  three  times  yield  strength.) 

As  might  be  expected,  holding  taper  differential  to  15  microinches  over 
a  0.03-inch  land  proved  quite  difficult.  The  corresponding  differential 
half  angle,  ^0  =  h/L  =  0.0286  degree  =  1.72  minutes,  required  a  match 
setup  in  a  Hardinge  lathe.  To  establish  a  normal  reference  plane,  the 
lathe  faceplate  was  turned  in  place. 

Prefinishing  of  the  seats  and  B^)  consisted  of  diamond  turn¬ 

ing  the  seating  land  from  a  sharp  corner  on  the  lathe  (after  heat  treat) 
at  a  predetermined  compound  angle.  The  cone  was  then  cast-iron  form 
lapped  at  250  rpm,  followed  by  hand  cast-iron  stick  lapping  with  0-  to 
2-micron  diamond  compound  to  produce  a  nominal  1-microinch  AA  roughness. 

The  poppets  matched  to  the  above  seats  were  made  the  same  except  conical 
geometry  was  initially  obtained  by  grinding,  followed  by  diamond  turning 
with  form  lapping  ommitted.  By  locking  the  lathe  compound  in  one  position 
for  a  basic  angle,  differential  angle  between  cone  axes  (tilt)  was 
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maintained  below  5  microinches  over  the  0.03-inch  seating  land.  This  was 
monitored  by  using  the  compound  ways  as  a  reference  pleme  in  conjunction 
with  an  electronic  gage. 

While  the  conical  models  produced  were  probably  better  than  most  conical 
valve  seats,  they  contained  serious  errors  of  form.  Most  serious  was  a 
waviness  out-of— round  condition  on  the  poppets  generated  in  grinding  and 
elastically  followed  by  the  diamond  tool  in  turning.  These  deviations 
were  missed  during  fabrication  but  were  readily  apparent  from  Proficorder 
traces  (see  inspection  data).  A  second  error  resulted  from  hand  stick 
lapping  in  which  natural  rocking  caused  corner  dubbing  and  seat  crowning. 
Although  crowning  was  accepted  as  a  desirable  condition,  these  models  did 
not  meet  requirements  for  comparison  with  the  flat  models.  Furthermore, 
because  of  the  number  of  superimposed  errors,  assessment  of  performance 
characteristics  was  difficult.  Consequently,  additional  41-degree  models 
were  made  to  preclude  these  errors. 

Models  E^,  F^,  and  were  fabricated  as  above  except  both  poppet  and  seat 
were  form  lapped  to  ensure  reasonable  roundness.  To  obtain  near-flat 
seating  surfaces,  a  small  wooden  bob  was  used  in  a  rota]t:y  tool  to  lap  the 
land  concave.  This  compensated  for  the  convex  tendency  of  the  final  stick 
lapping  which  was  performed  with  0-  to  1-micron  diamond  compound  at  250  rpm. 

Conical  lapping  proved  to  be  more  time  consuming  and  difficult  than  any 
other  process  used.  It  is  likely  that  a  production-oriented  setup  could 
be  devised  in  which  a  pair  of  aligned  precision  spindles  are  employed  to 
fabricate  and  position  multiple  conical  laps  and  thus  eliminate  hand¬ 
lapping  errors.  Multiple  laps  would  be  necessary  as  they  are  not  self- 
correcting  lilce  flats  or  spheres. 

It  is  also  possible  that  slight  lapping  of  these  poppets  and  seats  together 
would  have  resulted  in  more  comformable  geometry. 
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SPHERICAL  MODELS 
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As  with  conical  seating,  land  taper  poses  the  most  serious  geometric  seat¬ 
ing  error.  An  obvious  advantage  of  the  spherical  geometry,  however,  is 
the  self-alignment  feature  inherent  in  a  hall  seat. 

Land  taper  is  caused  hy  differences  between  the  poppet  and  seat  spherical 
diameters  (A^).  This  difference  arises  from  differential  between  poppet 
and  lapping  hall  diameters  with  the  latter  effectively  increased  some 
amount,  depending  upon  lapping  compound  film  thickness. 


Lap  Ball  Analysis 

In  fabricating  models  A^,  C^,  and  D^,  taper  was  controlled  hy  select¬ 

ing  matching  poppet  and  lapping  hall  diameters  .  This  was  based  upon  an 
analysis  of  the  probable  film  thickness  (t)  and  its  variation  with  lapping. 
This  procedure  was  necessary  because,  once  lapped,  the  final  seat  radii 
cannot  he  determined  with  sufficient  accuracy  to  predict  the  resultant 
differential  and,  thus,  taper  gap. 

Assuming  that  the  lap  film  thickness  may  vary  from  zero  to  (t)  during 
final  seat  finishing,  the  resultant  ball  seat  diameter  is 


'>DS  =  \  +  t  t 


"  Pbs  -  ”l  •  ‘  * 


where  (D, )  is  the  final  lapping  ball  diameter.  In  fabricating  a  seat, 
however,  the  onlj^  known  quantities  are  poppet  ball  diameter  and  maximum 
allowable  taper  gap.  A  tolerance  must  be  allowed  for  to  provide 

for  lapping  wear  and  also  because  an  exact  match  is  not  possible.  The 
equation  for  taper  gap  as  defined  in  the  Seating  Analysis  section  is: 


h  = 


Ad  L 


D  tan  (0  ± 


^  -  (radians), 


T7 


AM 

V 

tan  (q  +  fi) 

P 
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PtJr  bilateral  tolerancing,  AD,  77,  and  h  are  defined  as  follows: 

AD  =  Dgg  -  Dp 

Dpg  >  Dp  :  9  is  (  +  );  ^  and  is  (  +  ) 

X30 

Dp  >  Dpg  :  ^  is  (-);  hp  =  ^  and  is  (-) 

In  these  analyses,  the  exact  ball  size  is  unimportant  as  only  differen¬ 
tials  between  various  ball  diameters  affect  (h).  Therefore,  poppet  ball 
diameter  (Dp)  is  used  as  a  datum  with  the  lapping  ball  differential 
defined  as: 

Combining  preceding  equations  gives 

ADp  =  (h  77)pg  +  (h  77)p  -  (t  ±  t) 

which  basically  allows  a  certain  (±)  gap  variation  to  compensate  for  the 
unknown  film  thickness.  In  application  of  this  equation,  the  bilateral 
(± )  division  of  (h  T])pg  +  (h  77)p  must  be  greater  than  (±  t);  and,  (±  t) 
must  be  subtracted  from  (±  h  t])  • 

As  an  example,  consider  the  l/2-inch  ball,  19.95-degree  seat  with  a 
0,03-inch  land  (Fig,  73)-  Assuming  a  maximum  desired  gap  of  5  raicroinches, 
the  allowable  (AD.)  and  (t)  must  be  weighed  against  each  other  as  shown 
be  1  ov : 

7]  pg  =  7.21  ;  rj  p  =  k.95 

ADp  =  (5)(7.21)  +  (-5)(/i.93)  -  t  +  t  (microinches) 

ADp  =  -t  +  (36.0-t)  -  (t  -  24.6) 
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For  this  case,  the  film  thickness  cannot  exceed  2’!. 6  raicroinches . 
ing  a  nominal  grit  size  of  10  microinches  (O-  to  1/2-micron  diamond) 
results  in  a  lapping  hull  differential  size  of: 


Al) 


L 


10 


+26 

-14.6 


mi croinches 


A  lapping  hall  must  he  selected  within  Lhis  range  allowing  for  wear  and 
measurement  error.  To  check  this  results.  (A  I))  is  determined  for  the 
extreme  limits  of  (Al)j)  as  follows: 


AD  =  ADj^  +  ADj^^  =  AD^  +  t  ±  t 
»  +26 

A 1)  -  -  10  7  ,  +  10  ±  10 

-14.6 


Al)  = 


+36 
-24 . 6 


microinches 


,  +  A  D  +  36 .  , 

rni croinches 

p  ^  Lrl . ^  D  ^  zjdiA  ^  _5  inicroinches 

p  v  p  4.93 


A  nmnher  of  l/2-,  9/16-,  and  j/B-inch  440C  halls  were  obtained  for  lapping 
and  poppet  hall  selection.  A  master  ball  was  arbitrarily  chosen  from 
each  size  lot  and  differentials  measured  within  about  2  inicroinches  (as 
latei'  described  in  model  inspection  procedures).  Appropriate  sized  balls 
were  then  chosen  for  rough  and  final  lapping  and  for  the  poppet. 


General  Finishing  Procedures 

The  seat  land  was  initially  formed  b}'  diamond  turning  the  heat-treated 
seat.  Spherical  geometry  and  land  dimensions  w'ere  obtained  by  rough 
lapping  using  1200-grit  aluminum  oxide,  followed  by  1-  to  p-inicron  diamond. 
The  seat  was  turned  at  25O  rpm.  while  the  lapping  hall  was  finger-held 
soclieted  in  the  seat  so  that  a  natural  angular  turning  occurred  at  a 
reduced  speed. 


r'or  I'inal  fi  iii  .sli  i  iiji.  aliort  longths  of  i/'i-inch-OD  brass  lubinir  wei'o 
('poxiod  to  tho  lappiri'i  balls.  This  alloxvod  u  hotter  control  of  ball  rota¬ 
tion  and  cn.siirod  iiiinimnia  I  craperaturo  d  i  if  cron  t  iiil  hetueon  ball  and  seat. 
Lapping  of  model  seat  is  shown  in  Fig.  85.  The  circnlai-  lay  lapping 
was  aeconip  1  islu'd  ns  follo-v.s: 

1.  The  initial  lap  ball  was  f inge r-c- oated  \>itli  a  thin  film  of  0-  So 
1 -micron  diamond  compound.  With  1  he  seat  turning  at  250  rjmi, 
the  seat  11)  hole  \>as  profusely  sprayed  with  benzene  and  (he  hall 
iimiiediate  ly  plunged  into  the  seat. 

2.  To  allow  uniform  lap  wear  while  miniiiiiziiig  radial  scratches,  (lie 
lap  stick  was  ri'Strained  to  rotate  at  ahoiit  50  rpra  wish  Ihe  axis 
single  niried  from  0  to  00  degrees  off  (he  seat  ssxis.  The  Tsa  1 1 
was  ligli(ly  s[)rayed  with  benzene  as  required  to  pi’event  dry 
seizure*.  Lapping  load  wais  just  enough  Lo  keep  the  ball  in  the 

3  ockt't . 

3.  A  near-circular  lay  with  miniminn  gsip  was  obtained  using  the  fiiisil 
ball  and  0-  to  1/2-iiLicron  diamond  compound.  During  this  o|)er;ition, 
the  ball  iva.s  carefully  located  in  the  running  seat  as  before, 
except  the  ball  was  not  allowed  lo  rotate.  Angular  f(*ed  (axis 
tilt)  was  varied  slowij'  from  about  55  to  10  degi’ces  off  the 

seat  axis. 

4.  Sharp  corners  were  broken  and  the  land  briglih'nt'd  by  15  seconds 
of  finger-pol  i.shing  while  turning  with  0-  to  1-iiiicron  comiiound 
on  wiping  tissue. 

Taper  gap  between  matched  poppet  and  seat  was  determined  i'roin  temperature- 
stabilized  differential  mea.surements  between  poppers  and  ri' spi'c  1 1  ve  0-  to 
l/2-t:iicron  lap  balls.  The  results  are  tabulated  la*  lor.,  assuming  an  over¬ 
all  measurement  error  of  ^5  microinchos  and  t  =  It)  micro  inchi's . 


maximum,  maximum, 1  h,  maximum 


D, 

inch 

L, 

inch 

9, 

degrees 

^S 

0.b25 

0.03 

[ 

41.23 

20.4 

0.5b25 

0.03 

33.33 

13.8: 

0.5000 

0.03 

19.95 

7.2 

0.b25 

0.005 

41.23 

111.3 

micro-  micro- 


7.21^  4.93!  0 


micro¬ 


inches  inches 

-15  -0.91 

-30  -2.7 

+25  +3.5 

-15  -0.135 


It  is  evident  from  the  above  data  that  less  gap  results  from;  (l)  a  nar¬ 
row  land,  (2)  large  seating  angle  (0),  and  (3)  with  D  >  D  since 


y 


\ 
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Figure  83.  Spherical  Seat  Lapping 
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MODEL  INSPECTION  EQUIPMENT,  PKOCEDURES,  AND  DATA 


Poppet  and  seat  model  inspection  data  provide  the  measurements  necessary 
to  correlate  configuration  vith  test  and  analytical  results.  Because  of 
the  extremely  small  dimensions  of  surface  jjrofiles  normally  associated 
with  metal-to-metal  valve  seating,  no  one  piece  of  inspection  equipment 
can  provide  a  comprehensive  definition  of  the  surface  in  question.  For 
example,  only  a  small  indication  of  the  actual  three-dimensional  profile 
is  obtained  from  a  stylus  instrument  while  optical  devices  give  a  three- 
dimensional  view,  hut  for  measurement  purposes,  cover  a  very  limited  field. 
This  results,  to  a  degree,  in  a  subjective  interpretation  of  raw  data  from 
several  instruments  to  arrive  at  a  practical  estimation  of  the  parameters 
of  interest. 

Aside  from  normal  inspection  checks  to  indicate  primary  conformance  with 
drawing  requirements,  additional  parameters  were  considered  to  best  define 
the  seating  surfaces  and  preclude  erroneous  test  information  input.  These 
parameters  were  parallelism,  flatness,  roundness,  concentricity,  differen¬ 
tial  seating  angle,  seating  land  dimensions,  surface  texture  (peak-to-val ley 
parameter  (h),  average  asperity  angle  nodules,  pits,  and  scratches), 

and  surface  hardness.  To  acquire  this  information,  several  types  of  optical, 
mechanical,  and  electromechanical  measuring  instruments  were  used.  The 
following  paragraphs  describe  this  equipment  and  the  procedures  employed 
to  obtain  and  interpret  pertinent  inspection  information.  A  compilation 
of  inspection  data  for  each  test  model  and  the  photographs  and  profile 
traces  from  which  the  hulk  of  this  data  was  reduced  is  presented  at  the 
conclusion  of  this  section. 


MODEL  INSPECTION  EQUIPMENT 

The  inspection  equipment  used  may  roughly  be  categorized  into  four  types — 
comparitor,  stylus,  optical,  and  indentation.  I5ach  has  certain  advantages 
and  limitations,  and  the  proper  evaluation  of  these  characteristics  is 
necessary  to  place  the  measurements  obtained  in  proper  perspective. 
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Indicating;  (Jornparjit ors 


One  version  of  this  tyne  instrument  uses  a  fixed  anvil  and  vertically 
movable  head  to  spot  check  height  variations  of  a  vorkpiece  ici  th  reference 
to  a  precisely  known  dimension.  In  practice,  one  or  a  multiple  staciv  of 
gage  blocks  is  wrung  to  the  anvil  to  provide  the  reference  height  foi-  zero¬ 
setting  the  indicator.  The  reference  stack  is  then  replaced  by  the  work¬ 
piece  which  is  wrung  to  the  anvil  at  discrete  intervals  under  the  indicator 
head  and  height  differences  noted.  Such  a  device  is  particularly  suitable 
for  absolute  height  and  parallel  measurements  within  its  accuracy  capabil¬ 
ities.  However,  because  the  workpiece  must  be  wrung  to  the  anvu  1  each 
time  a  new  point  is  to  be  measured,  a  continuous  indication  of  surface 
variation  is  not  possible. 

Another  application  of  this  type  instrument  is  the  measurement  of  differ¬ 
ential  heights  relative  to  a  common  external  datum.  In  this  case,  the 
indicating  head  rests  on  a  precision  reference  plane  and  the  workpiece 
is  moved,  on  the  same  plane,  under  the  indicator. 

The  two  types  of  comparitor,  mechanical  and  electronic,  used  in  fabrica¬ 
tion  and  inspection  of  the  test  models  are  showTi  in  Fig.  8k.  The  mechanical 
unit  on  the  left  is  the  Mikrokator  made  by  the  C.  E.  Johansson  Gage  Co., 
and  is  capable  of  difference  measurements  of  about  2  microinches.  This 
instrument  was  used  for  most  model  poppet  and  seat  jiarallelism  measurements. 

For  more  precise  parallelism  inspection,  the  electronic  comparitor  shown 
at  left  center  in  Fig.  84  was  used.  This  xinit,  the  Micro-Ac,  is  made  by 
the  Cleveland  Instrument  Co.  and  can  measure  surface  deviations  down  to 
0.5  microinch,  and  is  basically  a  reluctance-type  position  indicator 
coupled  with  a  high-gain  amplifier.  For  optimum  results,  this  type  in¬ 
dicator  must  be  located  in  a  temperature-controlled  room  and  further  iso¬ 
lated  from  drafts  and  operator  body  heat.  Even  the  act  of  wringing  small 
parts  to  the  anvil  adds  sufficient  heat  to  the  workpiece  to  preclude  in¬ 
stantaneous  accurate  measurement.  During  inspection  of  the  test  models, 
it  was  found  that  a  1.5-  to  30-minute  waiting  period  was  required  after 
initial  workpiece  setup  to  obtain  consistent  measxirements  to  the  nearest 
micro inch. 
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The  two  instruments  on  the  right  in  Fig.  are  also  electronic  devices 
used  for  measurements  relative  to  external  reference  planes.  The  unit 
at  right  center,  made  by  the  Merz  Co.,  can  resolve  2-microinch  deviations 
while  the  recently  introduced  Cleveland  Indi-Ac ,  at  far  right,  can  measure 
to  the  1-microinch  level.  These  instruments  were  used  to  determine  tester- 
installed  poppet  and  seat  parallelism,  near-seated  test  flow  gaps  and  other 
similar  measurements,  where  net  deviation  of  a  combination  of  parts  was 
required. 

Although  the  Micro-Ac  due  to  its  extreme  resolving  capabilities  was  most 
temperature  sensitive,  the  measurement  of  dimensions  on  the  order  of  a 
few  microinches  made  temperature  control  precautions  necessary  in  the  use 
of  all  the  noted  instruments.  How'ever,  because  only  differential  measure¬ 
ments  were  taken,  repetitive  checking  procedures  reduced  such  errors  near 
to  the  level  of  instrument  sensitivity. 


Stylus  Instruments 

Two  types  of  stylus  instrument  were  used  in  fabrication  and  inspection  of 
the  test  models — the  Profilometer  and  Proficorder,  both  manufactured  by 
the  Micrometrical  Mfg.  Co.  The  Profilometer  (Fig.  85)  is  an  electro¬ 
mechanical  device  incorporating  a  piloter  or  tracer  arm,  displacement  head, 
and  amplifier  with  meter  output  display.  This  unit,  as  well  as  the  Pro¬ 
ficorder  uses  a  standard  0.0005-inch-radius  stylus  tip  (supplied  with  a 
Calibration  plate),  and  a  special  0.0001-inch-radius  tip.  The  Profilometer 
output  is  readily  switched  between  AA  and  rms  and  can  be  set  for  0.003-, 
and  0.010-,  and  0.050-inch  roughness  cutoff  values.  As  the  displacement 
head  traverses  the  workpiece,  the  motion  of  the  stylus  generates  a  voltage 
proportional  to  the  height  of  the  measured  surface  irregularities,  which 
is  continuously  averaged  by  the  electronic  system  and  displayed  on  the 
output  meter.  Therefore,  the  Profilometer  shows  the  variations  in  average 
roughness  height  but  does  not  indicate  asperity  configuration  or  wavelength 
variation  greater  than  the  set  cutoff  value. 
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Figure  85*  Profilometer  and  Test  Poppet 


For  direct  continuous  surface  irregularity  measurement,  including  rough¬ 
ness,  waviness,  and  asperity  angle  variations  with  permanent  information 
display,  the  Proficorder  was  used.  Figures  86,  87,  and  88  show  this  in¬ 
strument  setup  for  typical  measurements.  The  indicating  heiid  is  similar 
to  that  of  the  Profilometer  but  the  output  is  presented  on  a  continuous 
strip  chart  permitting  more  discriminate  evaluation  of  surface  conditions. 
Unlike  the  Profilometer,  the  workpiece  mounted  on  a  rotating  table  moves 
relative  to  the  indicating  head,  ])ermitting  the  use  of  this  instrument 
for  flatness  and  parallelism  measurements.  Calibration  of  the  Proficorder 
indicated  a  repeatable  response  to  a  50-raicroinch  step  input  accurate 
within  2  percent  or  1  microinch.  The  precision  spindle  used  in  the  rotary 
table  runs  true  v.dthin  3  microinches. 

In  using  the  Profilometer  and  the  Proficorder,  several  sources  of  error 
or  extraneous  inputs  were  encountered  and  evaluated.  The  first  of  these 
is  vibration  noise  inherent  in  the  instruments  and  from  external  soiirces. 
The  latter  problem  is  a  function  of  shock  mounting  and  isolation  from 
ambient  disturbances.  Proficorder  calibration  checks  indicated  the  total 

noise  level  resulting  from  internal  and  external  vibration  sources  was 
less  than  1  microinch. 

For  the  particular  Profilometer  used  during  jieriods  when  nearby  machinery 
\/as  operating,  an  ambient-induced  noise  level  of  0.7  to  0.8  microinch  was 
noted.  Accordingly,  data  were  taken  when  ambient  vibration  was  minimal 
In  addition,  this  Profilometer  exhibited  a  peculiar  vibration  phenomenon 
apparently  associated  with  the  tracer  system,  which  show'ed  up  particularly 
at  the  0.030-inch  cutoff  level.  The  first  indication  of  this  problem  was 
an  observed  difference  between  roughness  values  obtained  on  the  extend 
and  retract  portions  of  the  tracer  cycle.  To  evaluate  this  condition, 
an  optical  flat  was  used  as  a  test  specimen  and  checked  w'ith  the  0.0005- 
inch-radius  tip  stylus.  The  results,  as  tabulated  at  the  top  of  page  266, 
w'ere  essentially  verified  by  the  0.0001-inch  tip  stylus. 
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Figure  86.  Proficorder  Indicating  Tester  Piston 
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Figure  87.  Proficorder  Indicating  Test  Poppet 
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Figtire  88.  Proficorder  Indicating  Conical  Poppet  Seating  Land 


AVERAGE  PRpFILE  VALUES  IN  MICRO INCHES  AT  CUTOFF  NOTED 


_ 

Cutoff,  inches 

0.030 

0.010 

0.003 

rms 

Extend 

1.7 

0.40 

0.25 

Retract 

0.9 

0.35 

0.25 

AA 

Extend 

1.7 

0.35 

0.25 

Retract 

0.8 

0.30 

0.25 

Ambient  Vibration  (AA) 

0.25 

0.25 

0.20 

Not  only  is  there  a  marked  difference 
in  the  extend  and  retract  readings  at 
a  0.030-inch  cutoff,  but  the  read¬ 
ings  are  much  higher  than  at  the 
other  cutoff  levels.  The  test  opti¬ 
cal  flat  surface  profile  was  checked 
on  the  Proficorder  and  the  interfer¬ 
ence  microscope  (Fig.  89). 

Both  instruments  indicated  total  sur¬ 
face  deviation  less  than  I  microinch; 
therefore,  the  corresponding  AA  read¬ 
ing  should  be  about  O.3  microinch  or 
less.  Based  on  this  information 
and  the  ambient  vibration  effect), 
it  was  concluded  that  readings  be¬ 
low  I.O  microinch  for  the  0.030-inch  cutoff  and  O.3  microinch  for  the 
0.010-  and  0.003-inch  cutoff  were  essentially  meaningless  for  this  par¬ 
ticular  Profilometer.  Furthermore,  only  retract  values  were  recorded 
for  the  inspection  data. 

The  remaining  errors  considered  apply  to  the  stylus  and  include  contact 
stress  and  influences  of  tip  radius  and  wear  on  asperity  depth  measure¬ 
ments.  An  elastic  stress  analysis  assuming  Hertz  contact  shows  that,  for 
the  instrument  loads,  stylus  radii  and  metal  surfaces  inader  consideration, 
the  surface  will  be  plastically  indented  and  plowed  to  some  degree.  The 
ASA  standard  (Ref.  I )  requires  a  load-geometry  relationship  for  stylus 


Figure  89*  Optical  Flat,  O.OO65-  x 
0.0065-Inch  Interference  Photo  (lines 
and  dots  are  from  optics  flaws) 
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instruments  as  defined  by  the  formula  P  (grants)  10  R  .  where  R  is 
the  stylus  tip  radius  in  microinches.  This  requirement  was  met  for  the 
0.0005-inch  radius  stylus,  where  the  loads  were  nominally  I.5  grams  for 
the  Proficorder  and  P.O  grams  for  the  Profil ometer.  In  the  case  of  the 

0.0001-incli  radius  stylus,  the  maximum  load  requirement  of  0.1  gram  v/as  ex¬ 
ceeded.  The  Proficorder  load  in  this  case  i-emained  at  1.5  grams  whereas 
the  Profilometer  head  with  the  smaller  tip  was  reduced  to  1.1  grams.  It 
v/as  therefore  expected  that  excessive  plowing  might  exist  with  the  0.0001- 
inch  radius  tip. 

To  consider  these  effects,  a  simple  plastic  analysis  (after  Bowden  and 
Tabor,  Ref.  h)  was  assumed  where  the  bearing  area  is  proportional  to  the 
surface  hardness  or  f)lastic  flow  pressure.  This  is  schematically  shown 
in  the  sketch  below. 


i’rnuiti  ons 


relating  indentation. 


tip  geometry  and  hardness  are: 


2RR  II 


1' 


2i)7 


Assuming  a  rairiimum  surface  hardness  for  440C  stainless  steel  of  700 
<)  6 

kg/ram^  (lO  psi)  results  in  the  following  table  of  data; 


Pressure , 
grams 

0.0005“Inch  Hadius 

0.0001-Inch  Radius 

z, 

microinches 

d, 

microinches 

r 

z, 

microinches 

d, 

microinches 

0.1 

0.0704 

16.8 

0.352 

16.8 

1 . 0 

0.704 

53.0 

3.52 

53.0 

1.5 

1.05 

64.9 

5.27 

64.9 

2.0 

1.41 

75.1 

7.04 

75.1 

2.5 

1.76 

84 . 0 

8.80 

84.0 

Comparison  of  these  data  with  typical  stylus  tracks  indicates  a  close 
correlation.  For  example,  an  interference  photo  of  Model  F  (presented 
subsequently  in  the  Inspection  Data  section  as  Fig.  140 j  shows  0.0005- 
inch  radius  Profilometer  tracks  on  a  440C  surface  having  a  width  of 
about  75  microinches  and  depth  on  the  order  of  1  microinch.  Additional 
comparisons  may  be  made  from  photos  of  Model  (similarly  presented 
under  Inspection  Data  as  Fig.  188  and  189)  where  the  0.0001-inch  radius 
stylus  plowed  a  track  about  78  microinches  wide  and  2  microinches  deep. 

The  difference  in  track  depths  might  be  attributed  to  wear  of  the  diamond 
tip  radius.  At  these  dimensions,  variations  from  the  pure  radius  could 
not  be  seen,  even  under  high  magnification. 

While  this  analysis  has  shown  that  stylus  tips  can  and  do  plow  the  surface 
a  limited  amount,  it  is  concluded  that  the  basic  surface  contour  is  followed 
by  the  stylus  (except  for  deep  pits)  because  of  the  relatively  constant 
plastic  flow  depth  noted  in  these  instances.  However,  it  is  expected  that 
large  errors  imiy  result  for  some  surfaces  and  particularly  for  the  softer 
metals  (inspection  Data  section,  Model  K,  Fig.  48). 

Further  analyses  were  performed  to  determine  the  bottoming  errors  result¬ 
ing  from  stylus  tip  radius  and  wear.  These  errors  are  caused  by  the  tip 
radius  not  being  able  to  follow  the  asperity  completely  into  the  valley. 

The  following  sketch  illustrates  this  condition. 
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The  bottoming  errors  (e)  tabulated  belov  have  been  computed  using  the 
equation 


For  the  test  models  inspected,  the  relationship  of  4* and  the  roughness 
height  (h)  are  such  that  the  errors  tabiilated  above,  though  significant, 
are  minimal.  Obviously,  the  0.0001-inch  radius  stylus  results  in  greater 
accuracy  and  should  be  used  when  measuring  fine  or  large  slope  angle 
surfaces. 

A  worn  stylus  limits  the  depth  to  which  the  tip  can  enter  a  valley.  This 
can  be  seen  from  the  sketch  and  calculated  errors  shown  below.  From  the 
equation  e  =  d/2  tan  this  error  is  independent  of  tip  radius 
(d  2  H  sin  'S’). 
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Angle  <I>, 
degrees 

Valves  of  C, 

microinches 

d  =  50  X  10  inches 

d  =  100  X  10  inches 

1 

0 . 436 

0 . 872 

4 

1.75 

3.50' 

8 

3.50 

7.00 

12 

5.30 

10.00 

Errors  resulting  from  worn  tips  are  appreciable,  particularly  at  the 
greater  angles.  During  the  inspection  of  the  scratch  configuration 
(test  Model  G) ,  a  di  screpancy  was  noted  between  the  interference  micro¬ 
photograph  and  the  Proficorder  data.  Based  on  the  microphotograph,,  the 
scratch  depth  was  31  microinches  while  the  Proficorder,  with  a  0.0001- 
inch  radius  tip,  indicated  20  microinches.  Because  the  0.0001-inch 
radius  stylus  was  used,  this  discrepancy  was  not  caused  by  a  bottoming 
error.  However,  it  could  have  resulted  from  a  worn  tip  because  the 
scratch  angle  was  11  degrees.  Microphotographs  of  tip  stylii  are  shown 
in  Fig.  90  through  92.  While  the  large  flat  on  the  worn  0.0005-inch- 

radius  tip  is  quite  apparent,  a  100-microinch  flat  with  worn  and  faired 
edges  would  not  be  readily  discernible  on  the  O.GOOl-inch  tip  and  could 

account  for  the  10-microinch  discrepancy  noted  above. 

The  Profilometer  data  taken  were  useful  in  interpretation  of  gross  surface 
texture  in  lieu  of  explicit  interference  microscope  information  as  in  the 
case  of  relatively  rough  or  nonuniform  ground  or  multidirectional  lapped 
surfaces.  Its  value,  however,  should  not  be  discounted  since,  when  used 
on  surfaces  of  sufficient  roughness  to  render  insignificant  the  noted 
limitations,  excellent  correlation  resulted. 
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Figure  90.  Profilometer  Stylus,  Figure  91.  Proficorder  Stylus, 

0.0005-Inch  Radius,  O.OI6-  x  O.OI6-  0.0005-Inch  Radius,  O.OI6-  x  0.016- 

Inch  Plain  Photo  Inch  Plain  Photo 


Figure  92.  Proficorder  Stylus, 
0.0001-Inch  Radius,  O.OI6-  x  0.016- 
Inch  Plain  Photo 


a 
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The  Proficorder  served  a  variety  of  purposes  and,  like  the  Prof ilometer , 
vas  particularly  useful  in  aiding  assessment  of  surface  roughness.  Geo¬ 
metrical  information  such  as  roundness,  parallelism,  waviness,  and  over¬ 
all  seating  land  profile  was  also  determined  from  Proficorder  data. 


Optical  Instruments 

Several  optical  devices  were  used  in  the  program  for  test  model  inspection 
and  supplementary  data.  Included  were  the  optical  flat,  interferometer, 
interference  and  plain  microscopes,  and  optical  comparitors. 

The  optical  flat  is  used  extensively  for  production  operations  where  gross 
flatness  measurements  are  required.  It  was  used  to  verify  overall  flat¬ 
ness  of  flat  poppets  and  seats  and  was  particularly  useful  for  rapidly 
measuring  the  cylindrical-shaped  deviation  of  flat  poppets  used  in  the 
out-of-flat  stress  lealtage  tests  (Models  H  and  l).  Figure  93  shows  a 
typical  use  of  the  optical  flat  in  measuring  gross  flatness. 

Also  used  for  flatness  measurement,  the  interferometer  utilizes  isolated 
mirror  reference  planes  to  achieve  light  interference.  The  surface  to 
be  assessed  is  not  contacted  by  the  measurement  device  and  potential 
surface  damage  is  avoided.  In  its  basic  form,  however,  the  interferometer 
employs  1:1  or  even  slight  negative  magnification;  thus,  like  the  optical 
flat,  it  is  useful  for  only  gross  measurements. 

A  Leitz  interference  microscope  was  used  for  detailed  assessment  of  seat¬ 
ing  land  flatness,  surface  roughness,  and  certain  geometrical  irregularities. 
Figure  94  shows  the  unit  with  a  Polaroid  camera  attachment  for  photographing 
test  specimens.  This  device  could  be  used  for  either  plain  or  interference 
viewing  with  thallium  (green)  or  v/hite  light  at  100-,  200-,  and  500-power 
magnifications.  In  addition  to  multiple  magnification  capabilities,  the 
interference  bands  could  be  rotated  j60  degrees  and  band-to-band  spacing 
varied. 
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Figure  93»  Optical  Flat  and  Test  Poppet  Showing  Helium  Light  Interference  Bands 


Figure  94.  Leitz  Interference  Microscope  With  Flat 
Poppet  and  Seat  Models 
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The  interference  microscope  was  used  continually  throughout  the  test 
progreun  and,  in  fact,  was  the  primary  inspection  tool  employed.  For 
evaluation  of  seating  land  gross  geometry  and  edge  conditions,  lOO-pover 
magnification  was  used.  Surface  texture  characteristics  of  all  test 
surfaces  were  det&^rmined  in  full  or  in  part  with  this  instrument  vuider 
500-power  viewing.  Photographs  were  talcen  of  all  surfaces  to  form  per¬ 
manent  records  for  detail  study.  Unless,  otherwise  noted,  the  interfer¬ 
ence  bands  are  from  green  light  of  10.4  microinches  half  wavelength. 
Representative  photographs  presented  in  this  section  have  been  cut  to  the 
definite  calibrated  size  described  in  each  figure  so  that  they  may  be 
scaled  to  obtain  specific  dimensions.  Approximate  magnifications  are; 

1.  0.0065  X  0.0065  =  462X  (5OX  objective  lens) 

2.  0.0089  X  0.011  =  462X  (5OX  objective  lens) 

3.  0.016  X  0.016  =  187X  (2OX  objective  lens) 

4.  0.033  X  0.033  =  9IX  (lOX  objective  lens) 

5.  0.045  X  0.056  =  9IX  (lOX  objective  lens) 

As  discussed  in  subsequent  paragraphs,  conical  and  spherical  model  surfaces 
were  primarily  assessed  with  the  interference  microscope.  Lacking  tlie 
simple,  parallel  backface  reference  plane  of  the  flat  models,  a  means  of 
precise,  repeatable  setup  positioning  for  interference  viewing  was  required. 
The  precision  leveling  table  shown  in  Fig.  95  fabricated  for  this 
purpose.  With  the  capability  of  gross  angular  setting  and  precision  (l20 
pitch  thread)  three-point  final  adjustment,  the  optically  flat  table 
mounting  surface  provided  an  accurate  intermediate  reference  plane. 

Optical  comparitors  with  various  magnification  capabilities  were  also  used 
for  certain  relatively  noncritical  inspection  tasks.  The  basic  included 
angle  of  conical  poppets,  for  instance,  was  determined  in  this  manner  with 
an  estimated  accuracy  of  ±2  mimites.  (The  important  differential  seating 
angle  parameter  was  measured  by  other  methods  as  discussed  later  in  this 
s  ec  ti  on . ) 
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Fl^re  95.  Leitz  Interference  Microscope  With  Conical 
Poppet  on  Leveling  Table 
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For  gross  surface  defect  assessment  and  general  low-poAv^er  vieving,  a  40- 
pover  Bausch  and  Lorab  microscope  was  used.  This  unit  provided  excellent 
naked-eye  assistance  Av^ithout  complicating  the  viewed  surface  Afith  minuscule 
defects  and  variations.  Seating  land  corner  condition  and  radii  insjiection 
A/as  aided  with  this  instrument  Av^hich  contained  a  0.001-inch  graduation 
reticle. 


Indentation  Instruments 


Ta'/o  indentation  instruments  Av^ere  used  to  assess  teat  model  hardness  prop¬ 
erties.  Conformance  with  basic  model  fabrication  heat  treat  requirements 
was  A'erified  on  a  RockA.'ell  hardness  tester,  using  the  C-scale  test. 

The  more  important  test  specimen  surface  hardness  vas  determined  by  the 
Vickers  test,  using  a  Leitz  microhardness  tester  (Fig.  96).  This  instru¬ 
ment  is  capable  of  making  hardness  measurements  Avith  loads  from  15  to  1000 
grams.  A  pyramidal  shaped  diamond  indenter  having  a  depth-to-diagonal  ratio 
of  1:7  Av^as  used;  diagonal  identation  Avidth  a«is  directly  measured  through 
a  self-contained,  optical-rectic le  system. 

Vickers  diamond  pyramid  hardness  number  (DPH)  is  deined  as  the  pressure 
distributed  over  the  contact  area  of  the  identation.  The  mathematical 
expression  is; 

DPH  = - ^ — -  (or  Hv) 

0.5393  d“ 


Av^here 

P  =  load,  kilograms 
d  =  diagonal  distance,  millimeters 

Because  only  the  surface  hardness  Av’as  of  interest,  the  indentation  loads 
used  were  15  and  100  grams.  The  procedure  used  was  to  make  tA/o  indenta¬ 
tions  and  average  the  diagonal  dimensions  from  each.  Accurate  measure¬ 
ments  on  the  test  surface  profiles  limit  the  minimum  diagonal  to 
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Figure  96.  Leitz  Microhardness  Tester  and  Test  Poppet 
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approximately  10  microns  (0.0004  inch ); therefore ,  only  the  lOO-gram  data 
vere  measured  on  the  steel  and  carbide  parts.  In  the  subseipituit ly  j)re- 
sented  Inspection  Data  section,  Fig.  lOp  and  107  (Model  A)  show  inter¬ 
ference  photographs  of  indentations  at  both  loads.  Note  roughness  inter¬ 
ference  and  also  that  the  depth  may  be  determined  by  counting  interference 
bands  but  not  as  accurately  as  direct  measurement  because  the  exact  edge 
cannot  be  precisely  defined.  Figure  188  and  189  also  in  the  Inspection 
Data,  section,  Model  L^)  shov  100-gram  indentations  on  a  much  smoother 
steel  surface). 

The  hardness  pressure  may  be  used  for  an  estimate  of  yield  strengths. 

The  plastic  flov  pressure  for  fully  vork-hardened  metal  is  approximately 
2.8  times  the  yield  strength  (y)  Ref.  6.  Hardness  values  and  approximate 
yield  strengths  for  each  of  the  test  model  materials  are  tabulated  below: 


Material 

15-Gram 
Average 
Diagonal , 
Microns 

100-Gram 
Average 
Diagonal , 
Microns 

Vickers 
Hardness 
Number , 
Kg/mm2 

Yield 

S  trength 
Criterion , 
psi  X  10^ 

440C 

Stainless  Steel 

_ 

15.2 

800 

406 

606I-T65I 

Aluminum 

15.5 

40,0 

123* 

62.5* 

Tungs  ten 

Carbide 

— 

11.8 

1330 

676 

*Based  on  15-gram  load 


INSPBITTON  AND  TNTiTlPRErATTON  PR0CEDU11I5 

In  evaluating  the  inspection  data,  the  following  procedures  and  ground 
rules  were  pracliced  to  obtain  the  most  accui’ate  and  representative  x^alues. 
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Parallelism 


Parallelism  measurements  wer'e  performed  to  define  the  deviation  between 
representative  seating  and  loading  (hackface)  surface  planes  of  flat  models. 
The  resultant  dimension  defined  an  overall  trend,  independent  of  localized 
vaviness,  flatness,  depressions,  or  nodular  conditions  and  was  measured 
in  several  ways.  Except  for  the  turned  surfaces,  all  models  were  finished 
with  either  an  outer  surface  or  land  in  a  plane  coincident  with  the  seat¬ 
ing  land.  Parallelism  measurements  relative  to  the  mounting  face  were 
made  from  this  external  area  to  avoid  damage  to  sealing  surfaces.  (The 
sealing  surfaces  of  turned  models  were  formed  independent  of  existing 
outer  lands  and  are  subject  to  additional  setup  parallelism  error.  These 
models,  however,  were  tested  only  v/ith  ball-joint  loading  where  out-of- 
parallel  effects  are  nullified. ) 

Merz,  Cleveland,  and  Mikrokator  indicating  comparitors  were  variously  used 
with  occasional  substantiation  checks  made  on  the  Proficorder.  In  general, 
all  flat  model  poppets  and  seats  were  parallel  within  less  than  10  micro¬ 
inches  over  their  respective  0.50-inch  seating  diameter. 

The  more  difficult  to  define  installed-para 1 1  el  ism  between  poppet  and  seat 
sealing  surfaces  was  indicated  by  both  Merz  and  r]evelivnd  reference  plane 
comparitors  and  experimental  test  data,  as  discussed  in  the  Experimental 
Test  Program  section. 


FI  atncss 

The  term  flatness,  as  applied  to  test  model  inspection,  was  defined  as 
errors  of  form  occurring  uniformly  across  the  entire  poppet  or  scat  di¬ 
ameter.  As  such,  it  vas  a  measure  of  overall  concave,  convex,  or  egg- 
shaped  condition.  Both  Proficorder  and  optical  flat  measurement  methods 
were  used  although  the  latter  was  continually  employed  during  lapping 
operations.  (The  tendency  of  gross  land  duboff,  attendant  with  lapping, 
was  also  monitored  in  this  manner.) 
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Unless  otherwise  specified  in  the  applicable  test  section,  all  models  were 
flat  vv'ithin  3  mioroinches  over  the  O.pO-inch  seat  diameter. 


Diametral  Differentials  and  Roundness 

This  error  of  form  (defined  as  the  surface  deviation  from  a  true  cii-cular 
plane)  was  a  necessary  inspection  parameter  for  conical  and  spherical  models 
Tv/o  methods  of  inspection  were  employed. 

Balls  to  be  used  for  spherical  model  poppets  were  first  checked  i/ith  the 
Mikrokator,  as  shown  in  Pig.  97-  The  three  close-coupled  pins  in  the  base¬ 
plate  were  centered  under  the  indicator  head,  forming  a  retaining  and  self¬ 
aligning  moimt .  Kssentially  a  twn-point  measuring  system,  this  permitted 
ball  rotation  and  replacement  without  coilstant  recentering.  Diametral 
deviations  from  an  arbitrarily  selected  "master"  ball  were  determined  in 
this  manner  (absolute  size  was  not  critical)  within  about  2  microinches. 

It  had  been  intended  that  the  axis  of  deviation  for  alleged  50-,  100-,  and 
200-microinch  out-of-round  balls  would  also  be  established  during  this  check 
Inspection  data  indicated,  however,  that  these  balls  were  quite  round  but 
had  local  flat  spots  (change  in  radius)  rather  thiin  true  asphorical  (ellip¬ 
soidal  or  lobed)  configurations. 

Roundness  measurement  of  all  conical  and  spherical  models  (balls  were 
mounted  in  retainers  to  form  spherical  pojjpets)  was  performed  on  the  Profi- 
corder  using  a  l/l6-iiich  ball  stylus.  An  optical  flat,  w^rung  to  the  rotary 
table  and  rtmning  true  wdthin  5  microinches  at  a  2.0-inch  diameter,  was 
used  as  a  reference  plane.  Conical  poppets  and  seats  and  spherical  seats 
were  wrung*  to  this  surface,  centered  in  best  possible  position  and  indi¬ 
cated  normal  to  the  seating  surface  at  approximately  mid-land  (O. 470-inch 
diameter).  Having  no  geometrically  defined  seating  land,  spherical  poppets 
required  an  additional  setup  step.  The  poppet  ball  was  indicated  at  top 
dead  center,  and  the  resulting  Proficorder  stylus  height  transferred  to 
a  height  gage.  A  differential  height  reduction,  corresponding  to  the 
position  of  the  seating  land  0.470  nominal  diameter,  was  then  established 
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Figure  97-  Mikrokator  Indicating  Spherical  Poppet  Balls 
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on  the  gage.  The  Proficorder  stylus  was  reindicated  at  this  height, 
I)Ositioned  on  the  ball,  and  the  measurement  made. 

Roundness  deviation  of  all  spherical  seats  and  the  poppet  of  spherical 
Model  was  less  than  5  microinches.  The  remaining  spherical  poppets 
were  round  within  10  microinches.  Conical  model  roundness  varied  as  in¬ 
dicated  later. 


Concentricity 

The  only  critical  concentricity  requirement  encountered  during  the  program 
could  not  be  measured.  This  wus  the  potential  eccentricity  of  lapped  cir¬ 
cular  roughness  lay.  Not  fully  appreciated  during  fabrication  and  test, 
later  analysis  indicated  this  parameter  to  have  pronounced  effect  on  the 
stress— lealcage  characteristic . 

Positive  definition  of  lay  concentricity  could  not  be  established  since 
no  single  360-degree  diamond  particle  cut  iv^as  discernible.  In  retrospect, 
it  appears  that  the  only  way  to  control  this  parameter  reasonably  is  by 
precision  fabrication  setup.  The  models  tested,  however,  were  collet- 
chucked  for  surface  finishing  w'ithout  precise  runout  measurements.  Seats 
prohahly  ran  true  within  0.0002-inch  TIR  but,  in  the  same  collet,  the 
0,0025“inch  smaller  OD  poppets  ran  out  about  0.001-iiich  TIR. 


Differential  Seating  Anglo 

This  parameter  wus  computed  from  nniltiple  inspection  measurements  which 
differed  wdth  model  configuration.  It  defines  the  anticipated  (excluding 
contaminant  effects)  tester-installed  poppet  and  seat  land  angular  mismatch. 

For  flat  models,  the  differential  seating  angle  was  deduced  from  flatness 
and  parallelism  deviations.  Establishment  of  this  parameter  for  conical 
models,  however,  involved  more  elaborate  inspection  techniques. 
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The  primary  inspection  tool  for  conical  model  differential  angle  assess¬ 
ment  was  the  interference  microscope.  Two  potential  angular  deviations 
were  considered:  (l)  cone  axis  abnormal  to  loading  fa.ce,  and  (2)  a 
difference  in  basic  included  seat  angle  due  to  manufacturing  error. 

Microscopic  evaluation  of  these  deviations  was  performed  in  the  same  in¬ 
spection  setup.  An  optical  flat  was  wrung  to  the  microscope  base  to  pro¬ 
vide  a  reference  plane.  The  test  poppet  ivas  mounted  on  the  precision 
leveling  table  which,  in  turn,  was  placed  on  the  opticcLl  flat.  A  gage 
block  stack,  approximately  the  same  height  as  the  mounted  poppet  seating 
land-reference  plane  spacing,  was  wrung  to  the  ojitical  flat  (Fig.  95)- 
Interference  hands  were  focused  and  set  horizontal  (with  reference  to  the 
microscope  reticle)  on  this  reference  surface  which  was  then  removed. 

The  leveling  table  was  then  adjusted  until  parallel  interference  bands 
were  focused  on  the  poppet  seating  land.  (Minor  vertical  microscope  ad¬ 
justment  was  required  but  the  mirror  reference  plane  was  not  changed.) 

In  this  fashion,  the  precision  of  the  optical  flat  reference  plane  was 
combined  with  the  interference  microscope  to  compare  the  seating  land 
geometry  with  the  optical  flat. 

Interference  photographs  of  each  poppet  and  seat  having  the  same  basic 
angle  were  taken  at  90-degree  rotation  intervals  without  setup  change. 

By  comparing  the  interference  band  patterns  on  each  set  of  photographs, 
angular  deviation  between  cone  and  loading  face  (and  hence  come  axis 
normality  to  the  loading  surface)  could  be  assessed.  All  poppet  and 
seat  axes  were  true  within  an  estimated  5  microinches  over  the  0.03-inch 
seating  land. 

By  plotting  surface  profiles  for  a  mating  poppet  and  seat  from  these 
photographs,  the  contacting  land  basic  seat  angle  difference  could  be 
computed.  (in  some  instances,  these  data  were  further  substantiated 
with  Proficorder  traces  obtained  in  a  similar,  fixed-reference  plane 
manner. ) 
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The  not  di f I’erentiai  angle  specified  in  the  test  section  represents  the 
maximum  potential  deviation. 

There  was  no  method  by  which  spherical  model  differential  contact  cond- 
ditions  could  be  directly  measured.  The  poppet-seat  mismatch  gap  speci¬ 
fied  in  the  applicable  test  model  section  is  deduced  from  poppet  and 
la])ping  ball  differential  diameters  as  described  in  the  section  on  model 
fabrication. 


Seating  Land  Dimensions 

Model  seating  lands  varied  from  flat  to  full  crowned  with  edge  conditions 
ranging  from  pronounced  radii  to  corner  discontinuities  less  than  50  micro¬ 
inches.  Interference  and  plain  microscopes  were  used  for  land  measure¬ 
ments.  Linear  dimensions  (OD,  ID,  and  land  width)  were  determined  from 
both  microscope  stage  micrometer  readings  and  scaled  values  from  photo¬ 
graphs  of  known  magnification.  Duboff,  crown,  and  radius  conditions  were 
interf erometricaliy  assessed  aided  by  40X  plain  microscope  viewing. 

Flat  Models.  For  lands  flat  over  virtually  the  entire  width,  terminating 
in  abrupt  surface  falloff,  the  flat  land  width  was  defined  as  extending 
to  the  point  where  the  amount  of  duboff  equalled  the  FTV  surface  roughness. 
UTiere  definite  radii  are  noted,  the  flat  land  width  terminates  at  the  j)oint 
of  tangency  and  the  full  radius  has  been  specified.  The  defined  radius, 
however,  does  not  necessarily  extend  to  the  land  edge  diie  to  its  vari¬ 
ability.  Thus,  for  the  majority  of  model  seats,  the  flat  land  width  is 
less  than  the  total;  seat  area  was  calculated  based  on  the  projected  flat 
width  value. 

Flat,  crowned  models  have  been  defined  in  terms  of  the  crown  radius  and 
list  no  flat  land  width.  (Test  stress  calculations  used  a  seat  area 
assuming  the  total  projected  land  width.  These  data  were  later  supple¬ 
mented  by  Hertz  contact  stress  values  from  computed  variable  land  widths 
based  on  a  mean  radius  condition.)  The  crown  curvature  specified  in  that 
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portion  interpreted  as  a  full  radius  and  does  not  necessarily  include  the 
entire  land. 

Radii  noted  in  the  inspection  data  were  computed  using  the  simplified 
expression : 


Conical  Models.  The  conical  model  seat  lands  were  dubbed,  nonuniforraly 
crowned,  and  had  differential  angle  contact  conditions.  Land  width  for 
seat  area  calculations  on  these  models  was  arbitrarily  eatablished  as  the 
total  projected  width. 


Spherical  Models.  Land  curvature  and  corner  break  on  these  models  vv^as 
insignificant  to  area  calculations.  Thus,  the  total  projected  chordal 
width  was  employed  for  area  determination. 


Surface  Texture 


Of  all  the  test  model  parameters  measured,  surface  texture  was  the  most 
complex.  The  full  compliment  of  inspection  tool.s  available  was  utilized 
to  aid  interpretation  of  test  surfaces. 

A  gross  measure  of  average  surface  texture  was  obtained  from  Profilometer 
data.  Recognizing  that  this  information  includes  previously  noted  deviations 


of  cutoff  width,  stylus  configuration,  and  damage  to  the  measured  surface, 
Profilometer  data  are  presented,  as  recorded.  The  readings  are  based  on 
the  arithmetic  average  (AA)  which  has  supplanted  the  rms  average.  (Though 
not  presented,  many  rms  readings  were  taken  and  found  to  be  1.1  to  1.15 
times  greater  than  AA  readings.)  Information  is  tabulated  for  both  the 
0.0005- and  0.0001-inch  radius  tip  stylii.  In  general,  the  0.0001-inch 
radius  tip  indicated  somewhat  higher  readings  at  all  cutoff  values  because 
of  the  deeper  penetration  of  the  smaller  tip.  Generally,  Profilometer 
readings  were  taken  only  for  those  models  difficult  to  assess  by  other 
methods,  and  then  usually  after  test  since  the  stylus  produced  damaging 
scratches  on  all  materials  tested  except  tungsten  carbide. 

For  more  explicit  surface  texture  definition,  the  surface  was  first  cata¬ 
loged  by  the  type  of  lay  (multidirectional,  unidirectional,  or  circular). 
This  was  followed  by  further  reduction  into  roughness,  waviness,  nodule, 
and  scratch  assessment  categories.  The  resultant  surface  texture  param¬ 
eters  presented  (Model  Inspection  Data  section)  represent  a  composite  re¬ 
duction  and  interpretation  of  both  Proficorder  and  interference  microscope 
inspection  data. 

All  Proficorder  traces  pertinent  to  surface  roughness  measurement  were  taken 
with  a  0.0001-inch  radius  stylus  tip  across  the  prevailing  lay  if  a  defined 
lay  existed.  Unidirectional  and  multidirectional  lay  models  were  centered 
on  the  rotary  table  within  10  microinches.  IvTiile  indicating  on  the  land 
or  surface  outside  the  seating  area  (l/l6-inch-diameter  ball  stylus  used 
for  this  setup  operation),  the  surface  to  be  measured  was  adjusted  to  run 
out  less  than  5  microinches  over  the  O.pO-inch  seating  diameter.  Multi¬ 
directional  surfaces  were  then  traced  at  any  convenient  area  while  the 
unidrectional  lay  models  were  indicated  normal  to  the  lay.  Both  readings 
were  taken  at  approximately  mid-land  (O. 470-inch  diameter). 

Circular  lay  models  were  setup  eccentric  such  that  the  stylus  traversed 
the  land  approximately  normal  to  the  lay.  Pretracing  surface  runout  ad¬ 
justment  and  control  was  performed  as  noted  above. 
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For  best  resolution  and  to  minimize  point  to  point  stylus  skip,  the 
slowest  possible  table  speed  (approximately  0.02  rpm)  was  used.  However, 
as  table  motion  was  rotary,  the  surface  speed  varied  with  the  measured 
diameter,  thus  accounting  for  the  different  linear  calibrations  noted. 

As  with  interf erometrically  obtained  surface  texture  data  discussed  later 
in  this  section,  evaluation  of  profile  recorded  roughness  height  involved 
subjective  interpretation.  The  entire  trace  was  considered  and  a  PTV  height 
representative  of  the  average  surface  selected.  The  trace  vertical  scale 
provided  the  reference  from  which  a  numerical  value  was  then  established. 

The  Proficorder  v/as  also  used  on  occasion  to  measure  gross  surface  waviness, 
both  radial  (cross-land)  and  circumferential.  Procedures  were  similar  to 
those  practiced  for  surface  roughness  measurements  except  that  entire  land 
width  (radial  measurements)  and  360-degree  circumferential  traces  were  re¬ 
corded.  A  l/l6-  inch-diameter  ball  stylus  was  used  for  these  measurements. 
From  these  data,  surface  waviness  conditions  were  determined  which,  by 
their  relatively  gross  nature,  could  not  be  observed  through  the  limited 
microscopic  field  of  view.  The  traces  were  viewed  from  an  overall  stand¬ 
point,  average  representative  trends  or  cyclic  patterns  identified,  and 
appropriate  numerical  values  applied. 


Interference  microscope  evaluation  of  luiidirectional  or  circular  lay  sur¬ 
face  texture  with  a  PTV  roughness  dimension  ranging  from  1  to  10  micro¬ 
inches  was  performed  from  photographic  data  as  illustrated  by  the  following 
example  taken  with  green  light  interference  (Model  F,  seat). 


I 
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WAVINESS, 

0.8 

MICROINCH 


~r 

BAND-BAND 
DIMENSION,  10 


AVERAGE  SCRATCH 
3.8  MICROINCHES 
DEEP,  38- 
PERCENT  DENSITY 


AVERAGE  PTV 
ROUGHNESS 
ENVELOPE,  2.2 
MICROINCHES 
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The  Ijand-to-bund  dimension  vas  first  ostab]  islied.  This  direct  dimension, 
in  inciies,  v/as  equivalent  to  tlie  half  vavelcngth  of  the  frreen  monocliromatie 
light  used  in  the  Leitz  interference  microscope.  (Although  the  actual 
value  was  10.4  microinchcs,  10  microinchcs  v/as  used  for  convenience.  As 
later  discussed,  this  assumption  does  not  deti-act  from  reasonable  surface 
evaluation.)  An  envelope  was  imagined  which  encompassed  the  balk  of  the 
peak-to-vall  ey  roughness  and  w'itliin  this  envelope  a  r(q)resentative  (tiverage) 
asperity  or  group  of  asperities  w'as  selected.  Ikitioing  the  directl}^  measured 
height  of  this  average  deviation  to  the  previously  noted  bandwidth  dimension 
yielded  an  equivalent  PTV  height  in  raieroinches. 

Srratciics  (pointing  downward)  were  assessed  in  a  similar  manner  with  the 
selection  of  an  average  scratch  and  determination  of  its  depth.  From  the 
width  and  number  of  scratches  over  a  given  portion  of  the  surface  being 
evaluated,  an  average  scratch  density  was  computed. 

Localized  waviness,  as  illustrated,  was  determined  from  the  deviation  of 
the  iniiigined  profile  line  and  numerically  evaluated  as  w'ith  roughness  and 
scratches.  Significant  ];its  and  nodules  were  assessed  in  like  fashion 
and,  if  warranted,  surface  density  computed. 

It  should  be  apparent  that  interpretation  of  surfaces  as  viewed  through 
the  interference  microscope  must  be  done  on  a  gross  oi-  overall  basis 
rather  than  limiting  consideration  lo  a  small  area.  liven  so,  individual 
analysts  can  reasonably  be  expected  to  differ  by  as  much  as  50  percent 
in  the  application  of  numericiil  values  to  PTV  dimension.  A.s  this  dimen¬ 
sion  approaches  1  microincli,  evaluation  by  tw'o-beara  interferometry  be¬ 
comes  exceeding  difficult.  The  resultant  interference  bands  appear  as 
a  blurred  gradation  of  dark  to  light  areas,  since  the  very  small  rough¬ 
ness  wavclengtli  attendant  with  such  surfaces  is  virtually  indiscernible, 
even  at  500.X  magnification. 

Mill  tipi  e-beam  interferometry,  which  produces  sharper  focused  interference 
bands,  aids  the  assessment  of  surface  having  PTV  dimensions  on  the  order 
of  1  microinch  or  less.  Although  not  available  for  use  during  the  program, 
a  Johansson  "MLiitimi"  multiple  beam  interference  microscope  was  used  to 
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compare  results  obtained  on  one  model  seat  11^^^  A^ith  two-beam  interferometry. 

The  subsequently  presented  (Model  Inspection  Data  section,  Model  com- 

parfitive  jiiotos  of  lig.  179,  180,  and  181  illustrate  the  difference.  Wliile 
the  PTV^  roughness  height  of  Fig.  179  rnay  be  interpreted  as  approximately 
1.5  microinches,  the  multiple  beam  photographs  of  Pig.  180  and  181  indi¬ 
cate  a  roughness  level  of  about  luilf  that  amount,  or  0.8  microinch.  Thus, 
the  deduction  of  PTV  roughness  height  for  the  finer  surfaces  where  two- 
beam  interference  bands  merge  into  a  blur  has  been  performed  on  a  com¬ 
parative  basis  using  the  data  of  Model  (and  similar  evidence)  for  reference. 

The  asperity  wavelength,  even  with  the  Multimi,  vv'as  still  poorly  defined. 

An  oil-immersion  Ions  procedure,  providing  a  means  of  additional  horizontal 
magnification,  may  improve  individual  asperity  resolution  but  was  not 
evaluated. 


The  assessment  of  random  nature  or  rail tidirectional ly  textured  surfaces 
and  certain  discontinuities  with  two-heam  interferometry  requires  addi¬ 
tional  techniques.  Consider  Fig.  98  through  101,  which  shoAv'  a  scratch 
on  a  440C  stainless  sAirface  diamond  lapped  to  approximately  1-raicroinch  AA. 

Figure  98,  with  wide  bands,  looks  like  it  has  been  inverted  with  the  scratch 
direction  upw'ard.  With  narrower  bands  as  in  Fig.  99,  the  raised  edges  of 
the  scratch  are  recognizable  but  depth  assessment  is  still  difficult. 

With  the  very  narrow  bands  of  Fig.  100  and  101,  the  scratch  topography  is 
plainly/  evident  and  may  be  accurately  evfiluated. 

Similarly,  assessment  of  a  uniform  multidirectional  lay  surface  is  greatly 
enhanced  by  gross  reduction  of  interference  band  width.  For  example, 

Fig.  102  through  104  illustrate  the  surface  of  a  440C  stainless-steel  part 
which  has  been  wet-slurry,  aluminum-oxide  lapped  and  polished.  Figure  102 
is  a  plain  view  of  the  surface,  while  Fig.  lO^  shoAre  relati\roly  Av’ide  inter¬ 
ference  bands.  From  Fig.  lOp,  pits  and  knobs  can  be  identified  but  the 
general  surface  profile  is  indistinct.  Wlien  very  narrow  bands  are  em¬ 
ployed  (Pig.  104),  the  surface  profile  is  resolved  into  one  of  round 
crested  parabolic  form  (see  Fig.  17,  Seating  Analysis  Section.) 
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Figure  98.  Sample  Scratch,  0.0065-  ^ 
0.0065-Inch  Interference  Photo,  Wide 
Bands 


Figure  100.  Sample  Scratch,  0.0065-.  x 
0.0065-Inch  Interference  Photo,  Very 
Narrow  Bands 


Figure  99*  Sample  Scratch,  0.0065-  x 
0.0065-Inch  Interference  Photo, 

Narrow  Bands 


Figure  101.  Sample  Scratch,  O.OO65-  x 
0.0065-Inch  Interference  Photo  Very 
Narrow  Bands,  White  Light 


Figure  102.  Sample  Multidirectional 
Lay  Surface,  0.0065“  x  0.0065“ Inch 
Plain  Photo 


Figure  IO3.  Sample  Multidirectional 
Lay  Surface,  0.0065“  x  0.0065“ Inch 
Interference  Photo,  Wide  Bands 


1 

3 


Figure  104.  Sample  Multidirectional 
Lay  Surface,  0,0065“  x  0,0065“ Inch 
Interference  Photo,  Very  Narrow 
Bands,  Vrtiite  Light 
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The  technique  of  using  narrow  bands  to  aid  definition  of  surface  features 
evolved  during  the  experimental  effort  and  was  not  used  during  the  initial 
contract  work.  Thus,  the  photographs  of  multidirectional  surfaces  fabri¬ 
cated  during  that  portion  of  the  test  effort  were  taken  with  wide  bands, 
and  Proficorder  data  were  heavily  relied  upon  to  support  evaluation  of 
these  surfaces. 

To  evaluate  consistently  the  surface  profile  input  data,  the  following 
distinct  parameters  and  resolution  limits  were  established: 

1.  Roughness 

h  =  1.0  microinch  and  above 
O  =  0.1  degree  and  above 

2.  WavSness 

h  =  1.0  microinch  and  above 
O  =  1.0  and  below 
5.  Nodules 

h  =  25  percent  above  the  maximum  peak-to-valley  roughness  (h) 

(P  =  no  confines 
^3  =  1  percent  and  above 
'i.  Scratches 

h  =  1  microinch  and  greater  which  occur  below  level 
of  surface  roughness  (or  waviness) 

O  •=  no  confines 

P  =  1  percent  and  above 

These  ground  rules  were  established  for  both  Proficorder  and  two-beam 
interference  microscope  inspection  data  and,  in  general,  reflect  the 
prtictical  limits  of  obtaining  these  data.  For  example,  h  values  cannot 
bo  resolved  any  lower  than  1.0  microinch  on  either  instrument.  j\n  overlap 
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is  provided  for  roughness  and  waviness  angles  (o)  because  these  two  cate¬ 
gories  merge  into  each  other,  and  a  finite  division  cannot  be  made. 


MODEL  INSPECTION  DATA 

A  compilation  of  direct  and  reduced  model  inspection  results  and  the  raw 
data  from  which  much  of  this  information  has  been  interpreted  is  presented 
on  the  following  pages.  In  Table  4  data  of  specific  nature,  potentially 
applicable  to  all  or  groups  of  models,  are  given  in  tabular  form.  Thus, 
many  blank  areas  exist  where  certain  models  by  virtue  of  geometry,  surface 
text’are,  or  other  reasons  could  not  be  as  assessed  or  specific  tabulated 
parameters  were  not  applicable.  Comments  pertinent  to  isolated  or  random 
characteristics  not  ameanable  to  or  warranting  tabulation  are  listed 
adjacently. 

The  raw  inspection  data  in  the  form  of  plain  and  interference  photographs 
(Fig.  105  through  32S)  and  profile  traces  (Fig.  329  throvigh  374)  are  pre¬ 
sented  in  groups  according  to  model  designation  (cross  referenced  in 
Table  4  by  figure  numbers).  These  data  include  pretest  basic  model  in¬ 
spection  information  and,  where  significant  test-incurred  changes  were 
observed,  posttest  comparative  data  as  well. 

Interference  photographs  and  Proficorder  traces  Iiave  been  oriented  such 
that  the  top  side  of  the  interference  bands  or  profile  record  represents 
the  inspected  surface  profile.  Scratches  or  surface  indentations  appear 
as  dovvTiward  pointing  grooves. 

A  tost  model  is  defined  as  a  poppet  and  seat  pair  forming  a  unique  com¬ 
bination  of  sealing  surfaces.  Each  model  has  been  given  a  letter  designa¬ 
tion  with  a  subscript  denoting  basic  geometry,  i.e.,  f  (flat),  c  (conical), 
and  s  (spherical),  \vlaon  a  minor  rew'ork  or  processing  operations  was  per¬ 
formed  on  either  or  both  model  poppet  and  seat  for  comparison  with  original 
performance  a  numerical  subscript  was  added  to  the  basic  designation. 

Thus,  for  example,  flat  model  ,  when  subsequently  passivated,  became 
Model  Tliis  rev/ork  designation  is  additionally  denoted  in  Table  4 


by  an  applicable  poppet  or  seat  serial  number  suffix  W  followed  by  a 
sequential  rework  number. 

blien  an  existing  model  surface  was  radically  changed  as,  for  example,  re¬ 
work  from  a  multidirectional  to  unidirectional  or  circular  lay,  the  basic 
model  letter  designation  was  changed.  Similarly,  the  combination  of  a 
poppet  from  one  model  and  the  seat  from  a  second  called  for  new  letter 
identification. 

iVn  exception  to  the  above  procedures  are  the  models  included  herein  but 
previously  tested  and  reported  in  Ref.  37-  For  comparison  purposes,  these 
mode  Is  (all  flat  configurations)  are  designated  exactly  as  they  originally 
appeared  with  no  subscript.  Rework  of  these  models,  however,  is  indicated 
by  serial  mimber  suffix. 


TABLE  4 


MODEL  POPPFT 


AND  SEAT  INSPECTION  DATA 
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Figure  IO5.  Test  Model  A,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  IO7.  Test  Model  A,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Cross  Lay 


Figure  IO6.  Test  Model  A,  Seat, 
0.055-  X  0.055-Inch  Interference 
Photo  Showing  Ihiboff  and  Pressure 
Tap 


Figure  108.  Test  Model  Qf , Seat ,  0, 0  065- 
0.0065-Inch  Interference  Photo, 

OD  Plastic  Deformation  at  Right 


Figure  109-  Test  Model  Q^, Poppet,  Figure  110.  Test  Model  Nj,Seat, 

0.0065-  X  0.0065-Inch  Interference  O.OO65-  x  0. 0065-Inch  Interference 

Photo,  Center  Plastic  Deformation  Photo 

Corresponds  to  Seat  OD 


Figure  111.  Test  Model  Nj, Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo  (Tracks  From  0.0001-Inch 
Profilometer  Stylus) 


Figure  112.  Test  Model  Nj,Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo  Showing  OD  Plastic  Deformation, 
White  Light 


Figure  113'  Test  Model  Nf, Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo  Showing  Plastic  Deformation 
at  Area  of  Seat  Land  OD  Contact, 
White  Light 


Figure  114.  Test  Model  Rf,Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Narrow  Bands 


Figure  115-  Test  Model  Rf  and  Sj-  , 
Poppet,  0.0065-  X  0.0065-Inch  Inter¬ 
ference  Photo 


Figure  116.  Test  Model  R£,Seat, 
0.0065-  X  0.0065-Inch  Plain  Photo 
Showing  OD  Plastic  Deformation  at 
Right  and  Handling  Scratch 
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Figure  117-  Test  Model  S^, Seat,  Figure  118.  Test  Model  Sf  and  Rf , 

0.0065-  X  0.0065-Inch  Interference  Poppet,  0.0065-  x  0. 0065-Inch  Plain 

Photo  Showing  Plastic  Deformation  Photo  Showing  Metal  Transfer 


Figure  119-  Test  Model  Sf,Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo  Showing  OD  Deformation 


Figure  120.  Test  Model  D^ ,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Tracks  From  0.0001-Inch 
Radius  Proficorder  Stylus 
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Figure  121.  Test  Model  Df ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Tracks  From  0.0001-Inch 
Radius  Proficorder  Stylus 


Figure  123.  Test  Model  Df ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo  at  OD  Showing  Fracture 


Figure  122.  Test  Model  Df ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo,  Showing  Cross-Land  Waviness 


Figure  124.  Test  Model  Df ,  Seat, 
0.033-  X  0.033-Inch  Plain  Photo 
Showing  Corrosion  Fretting  After 
91,800-psi  Cycle  Test 


Figure  125-  Test  Model  ,  Poppet, 
0.033-  X  0.033-lDch  Plain  Photo 
Showing  Corrosion  Fretting  After 
91,800-psi  Cycle  Test 


Figure  126.  Test  Model  ,  Poppet, 
0.033-  X  0.033-Inch  Plain  Photo, 
Same  Location  as  Fig.  125  After 
Wiping 
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Figure  127.  Test  Model  Af ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo  at  ID,  Track  From  0.0001-Inch 
Radius  Proficorder  Stylus 


Figure  128.  Test  Model  Af ,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Tracks  From  0.0001-Inch 
Radius  Proficorder  and  Profilometer 
Stylii 
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Figure  129.  Test  Model  D,  Poppet, 
0.0065-  X  0. 0065-Inch  Plain  Photo 
Showing  0.0001-Inch  Radius  Profi- 
corder  Stylus  Scratches 


Figure  I3I.  Test  Model  B,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Showing  Duhoff 


Figure  I30.  Test  Model  B,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo  Showing  0.0005-Inch  Radius 
Profilometer  Stylus  Scratches 


Figure  I32.  Test  Model  J,  Poppet, 
0.0065-  X  0.0065-Iach  Interference 
Photo  Showing  0.0001-Inch  Radius 
Proficorder  Stylus  Scratch 
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Figure  133*  Test  Model  J,  Poppet,  Figure  13^*  Test  Model  J,  Seat, 

0.0065-  X  0.0065-Inch  Interference  0.033-  x  0.033-Inch  Interference 

Photo  Showing  0.0005-Inch  Radius  Photo 

Prof ilometer  Stylus  Scratches 


Figure  135*  Test  Model  K,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo  Across  Circumferentially 
Polished  Lay 


Figure  I36.  Test  Model  K,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo  Showing  0.0005-Inch  Radius 
Profilometer  Stylus  Scratches 
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Figure  137*  Test  Model  K,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Showing  OD  Plastic  Reforma¬ 
tion  Following  Test  1 


Figure  I38.  Test  Model  K,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  After  Rework,  Prior  to 
Test  2 


Figure  139.  Test  Model  F,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Cross  Lay  (Dots  on  Reference 
Mirror) 


Figure  140.  Test  Model  F,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo  Vith-Lay  Showing  0.0005-Inch 
Radius  Profilometer  Stylus  Scratches 
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Figure  141.  Test  Model  F,  Seat, 
0.033-  X  0.033— Inch  Interference 
Photo 


Figure  142.  Test  Model  F,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Cross  Lay 


Figure  143.  Test  Model  G^,  Poppet, 
0.0065—  X  0.0065-Iuch  Interference 
Photo,  Tracks  From  0.0005-Inch 
Radius  Profilometer  Stylus 


li 


Figure  144.  Test  Model  Gf ,  Seat, 
0.0065-  X  0,0065-Inch  Interference 
Photo,  Track  From  0.0001-Inch 
Profilometer  Stylus 


Figure  145.  Test  Model  Gf ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo 


Figure  146.  Test  Model  Gf,  Seat, 
0.0065-  X  0.0065-Inch  Plain  Photo 
Showing  Corner  Fracture  Dcimage  (OD) 


Figure  147.  Test  Model  Gfj,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo 


Figure  148.  Test  Model  Gff,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Same  Location  as  Fig.  147 
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Figure  149-  Test  Model  Gf]^,  Poppet, 
0.0065-  X  0. 0065-Inch  Interference 
Photo 


Figure  150.  Test  Model  Gfi,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo,  Same  Location  as  Fig.  147 
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Figure  151*  Test  Model  G^^.)  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Showing  Corrosion  Fretting 
Before  Wiping 


Figure  I52.  Test  Model  G^^^,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Same  Location  as  Fig.  I5I 
at  ID 


Figure  153.  Test  Model  Seat, 
0.0065-  X  0.0065-Inch  Plain  Photo 
Shoving  Corrosion  Fretting  Before 
Piping  at  ID 


Figure  154.  Test  Model  Gj]^,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo  Shoving  Fretted  Surface  After 
Polishing  (iD  Right) 


Figure  155.  Test  Model  G^j^,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Same  Location  as  Fig.  154 


Figure  156.  Test  Model  Gjj,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Same  Location  as  Fig.  148 
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Figure  157-  Test  Model  Gf]^,  Poppet,  Figure  158.  Test  Model  CC^ ,  Poppet, 
0.033-  X  0.033-Inch  Interference  0.0065-  x  0. 0065-Inch  Plain  Photo 

Photo,  Same  Location  as  Fig.  I5I 


Figure  159*  Test  Model  CCj,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  I6O.  Webber  "Chrohlox"  Master 
Gage  Block,  0.0065-  x  0. 0065-Inch 
Interference  Photo  For  Comparison 
With  Fig.  159 
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Figure  l6l.  Test  Model  CC^ ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo  Showing  Surface  Texture  and 
Cross  Lay  Scratch  (Dots  on  Reference 
Mirror) 


Figure  I63.  Test  Model  CC^ ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo  Showing  Scratch  of  Fig.  I6I 
After  Light  Polish 


Figure  162.  Test  Model  CCf ,  Seat, 
0.033-  X  0.033-Inch  Plain  Photo 
Showing  Scratch  of  Fig.  I6I 


Figure  l64.  Test  Model  CCf,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Showing  Plastically  Dubbed 
Seat  Corners 


Figure  I65.  Test  Model  CCf,  Seat, 
0.0065-  X  0.0065-Inch  Plain  Photo 
Showing  OD  Corner  Fractures 


Figure  I66.  Test  Model  CCjf ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo  Showing  Eaised  Lip  at  OD 


Figure  I67.  Test  Model  Bp,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  I68.  Test  Model  Bp,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo 
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Figure  l69*  Test  Model  Bj ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo  Showing  OD  Corner 


Figure  I7O.  Test  Model  Bf ,  Seat, 
0.0065-  X  0.0065-Inch  Plain  Photo 
Showing  OD  Fractures  and  Cracks 


Figure  171-  Test  Model  B^ ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo  Showing  Largest  Fracture 


Figure  172.  Test  Model  B^]^,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo,  Fracture  Same  as  Shoi\Ta  in 
Fig.  171 
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Figure  173*  Test  Model  Seat, 
0,0065-  X  0.0065~Inch  Interference 
Photo 


Figure  174.  Test  Model  ,  Seat 
0.033-  X  0.033-Inch  Interference 
Photo 


Figure  175*  Test  Model  Hf ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 

Figure  I76.  Test  Model  ,  Poppet 

0.0065-  X  0.0065-Inch  Interference 

Photo 

Photo 

Figure  177-  Test  Model  ,  Seat,  Figure  178.  Test  Model  Hf ,  Seat, 

0.0065-  X  0.0065-Inch  Plain  Photo  O.OO65-  x  0. 0065-Inch  Interference 

Shoving  OD  Fracture  and  Metal  Slip  Photo,  Same  Location  as  Fig.  177 


Figure  179.  Test  Model  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  180.  Test  Model  Seat, 

0.0065-  X  0.0065-Inch  Multiple  Beam 
Interference  Photo  (Spots  and 
Blemishes  From  Optics  Contaminants) 
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Figure  181.  Test  Model  Hf]^,  Seat, 
0.0065-  X  0.0065-Inch  Multiple  Beam 
Interference  Photo  (Spots  From  Optics 
Contaminants) 


Figure  I83.  Test  Model  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo  Showing  Embedded  Contaminant 
From  Finishing  Process 


Figure  186.  Test  Model  ,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  185 .  Test  Model  Lf ,  Seat, 
0.0065-  X  0. 0065-Inch  Interference 
Photo  Showing  Typical  Surface 
Scratches 


Figure  188.  Test  Model  Lj ,  Seat, 
0.0065—  X  0.0065-Inch  Plain  Photo 
Showing  0.0001-Inch  Radius  Proficorder 
Tracks  and  Microhardness  Test 
Indentations 


Figure  187.  Test  Model  ,  Seat, 
0.055-  X  0.055-Inch  Interference 
Photo 
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Figure  189.  Test  Model  Lf ,  Seat, 
0.0065-  X  0.0065-Iach  Interference 
Photo,  Same  Location  as  Fig.  188 


Figure  I90.  Test  Model  Mj ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  I9I.  Test  Model  Mf ,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  192.  Test  Model  Mf ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Showing  Typical  Cross  Land 
Scratch 
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Figure  193*  Test  Model  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Same  Location  as  Fig.  190 


Figure  195-  Test  Model  Mj-|^,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Same  Location  as  Fig.  194 


Figure  194.  Test  Model  M^^,  Seat, 
0.0065-  X  0.0065-Inch  Plain  Photo 
Shoving  Galled  Area 


Figure  196.  Test  Model  Mj]^,  Poppet, 
0.033-  X  0.033-Inch  Plain  Photo 
Shoving  Galled  Area 
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Figure  197-  Test  Model  AAf ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  198.  Test  Model  AA^ ,  Seat, 
0.033-  X  0.033-Inch  Plain  Photo 
Showing  Typical  Scratches 


Figure  199-  Test  Model  AAf,  Seat,  Figure  200.  Test  Model  AAf,  Seat, 

0.0065-  X  0.0065-Inch  Interference  0.033-  x  0.033-Inch  Interference 

Photo  Showing  Typical  Scratches,  Photo  Showing  Cro■^^^led  Land 

Same  Location  as  Fig.  I 98 


Figure  201.  Test  Model  AAf ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Showing  Corrosion  Fretting 


Figure  203-  Test  Model  AA^ ,  Poppet 
(Ref.  Fig.  64),  0.0065-  X  0.0065-Inch 
Plain  Photo  Showing  Corrosion  Fretting 
Film  at  0.458  to  O.46O  Diameter 


Fignre  202.  Test  Model  AAf,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo,  Same  Location  as  Fig.  201 
After  Wiping 


Figure  204.  Test  Model  AAf,  Poppet, 
0.0065-  X  0.0065-Inch  Plain  Photo, 
Same  Location  as  Fig.  203  After 
Wiping 


Figure  205-  Test  Model  NN^ ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  206.  Test  Model  NN^ ,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  207.  Test  Model  NN^ ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo,  \^hite  Light 


Figure  208.  Test  Model  NNj ,  Poppet, 
0.033-  X  0.033-Inch  Interference 
Photo,  White  Light 
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Figure  209-  Test  Model  NNj ,  Seat,  Figure  210.  Test  Model  NNf ,  Seat, 

0.0065-  X  0.0065-Inch  Interference  0.033-  x  0.033-Inch  Plain  Photo 

Photo,  \Vhite  Light,  Bands  Rotated  to  Showing  Contaminant  Removal  Lapping 
Show  With-Lay  Waviness,  Same  Location  Method 
as  Fig.  205 


Figure  211.  Test  Model  NN^ ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo,  White  Light,  Showing  Depres¬ 
sion  After  Contaminant  Removal 


Figure  212.  Test  Model  HHj ,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo 
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Figure  213-  Test  Model  HHf ,  Seat,  Figure  214.  Test  Model  HHf ,  Poppet, 

O.OO65-  X  0.0065-Inch  Interference  0.033-  x  0.033-Inch  Interference  Photo 

Photo 
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Figure  215.  Test  Model  HHf,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo 


Figure  216.  Test  Model  HHf,  Poppet, 
0.0065-  X  0.0065-Inch  Interf  erence 
Photo,  With  Lay 
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Figure  217.  Test  Model  ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo 


Figure  218.  Tost  Model  ,  Poppet,  0.045-  x  0.056-Inch  Int 
ference  Photo,  OD  at  Left 
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Figure  219-  Test  Model  Ac,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  220.  Test  Model  ,  Poppet,  0.045-  x  0.056-Inch  Inter¬ 
ference  Photo,  ID  at  Right 
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Figure  221.  Test  Model  B,,  ,  Seat 
O.O33-  ^  0.033~Inch  Interference 
Photo 


Figure  222.  Test  Model  ,  Seat, 
0.033-  X  0.033-Inch  Plain  Photo 
Showing  Corrosion  Fretting  After 
Light  Wipe 


Figure  223.  Test  Model  B^ ,  Poppet, 
0.033-  X  0.033-Inch  Plain  Photo, 

Same  Location  as  Fig.  222 
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Figure  224.  Test  Model  , 
Interference  Photo  at  ID 


Figure  225*  Test  Model  D^ ,  Seat, 
0.033-  0.033-Inch  Interference 
Photo  Showing  Nominal  Land  Width 
Before  Hework  Lapping 


Poppet,  0.045-  X  0.056-Inch 


Figure  226.  Test  Model  Dc ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Showing  Wide  Land  Width  and 
Major  Blemishes  Before  Rework 
Lapping 
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Figure  227-  Test  Model  Dq ,  Seat 
0.033-  X  0.033-Inch  Interference 
Photo,  Same  Location  as  Fig.  226 
After  Rework  Lapping 


Figure  228.  Test  Model  ,  Poppet 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  229*  Test  Model  ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo 
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Figure  230.  Test  Model  Ec ,  Poppet,  0.045-  x  0.050-Inch 
Interference  Photo,  ID  at  Right 


Figure  23I.  Test  Model  F^ ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo 
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Figure  232.  Test  Model  F^. ,  Poppet,  0.045-  x  0.056-Inch 
Interference  Photo,  ID  at  Right 


Figure  233‘  Test  Model  ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo 
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Figure  234.  Test  Model  G(. ,  Poppet,  0.045-  x  0.056-Inch 
Interference  Photo, ID  at  Eight 


Figure  235-  Test  Model  Gq ,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


••  . 


Figure  236.  Test  Model  G^]^,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Showing  Plastic  Deformation 
at  ID  And  OD 


336 


Figure  237*  Test  Model  Seat 

0.033-  X  0.033-Inch  Plain  Photo 
Showing  Plastic  Deformation 


Figure  238.  Test  Model  Ag ,  Seat 
0.033-  X  0.033-Inch  Interference 
Photo 


Figure  239-  Test  Model  Ag ,  Poppet, 
0.033-  X  0.033-Inch  Interference 
Photo  Showing  Typical  Surface  Defects 
at  Midland 
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Figure  240.  Test  Model  Ag ,  Poppet,  0.0089-  x  0.0110-Inch 
Interference  Photo  at  9  =  35  Degrees 


Figure  242.  Test  Model  Ag ,  Popp 
0.033-  X  0.033-Inch  Interference 
Photo  ShoAving  Fretting  Pits 


Figure  241.  Test  Model  Ag ,  Seat 
0.033-  X  0.033-Inch  Interference 
Photo  Showing  Fretting  Pits 


Figure  243.  Test  Mr.del  Ag ,  Poppet, 
0.033-  X  0.033 -Inch  Plain 
Plioto,  Same  Location  as  Fig.  242 


Figure  244.  Test  Model  Bg ,  Seat, 
0.03"-  X  0.033-Inch  Plain  Photo 
Showing  Land  OD  Handling  Damage 


Figure  245.  Test  Model  Bg ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo,  Scune  Location  as  Fig.  244, 
Surface  Tilted  Slightly  to  Focus 
Bands  on  Damaged  Area 


Figure  246.  Test  Model  Bg ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Normal  to  ID  Showing  Handling 
Damage 
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Figure  24?.  Test  Model  Poppet,  0.0089-  x  0.0110-Inch 
Interference  Photo  at  6  =  35  Degrees 


Figure  248.  Test  Model  Cg ,  Poppet, 
0.033-  X  0.033-Inch  Interference 
Photo  at  Midland 
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Fig;iire  f’-'iO-  Test  Model  Cg,  Poppet , 0  .0 089-  x  0.0110-Inch 
Interference  Photo  at  6  =  35  Degrees 
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Figure  250.  Test  Model  Dg ,  Seat 
0.033~  X  0.033-Inch  Interference 
Photo 


Figure  251.  Test  Model  I^,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  252.  Test  Model  If,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo 
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Figure  253-  Test  Model  Ifi,  Seat, 
0.0065-  ^  0.0065-Inch  Interference 
Photo  Showing  Transition  From 
Lapped  to  Liquid  Honed  Surface 


Figure  254.  Test  Model  Ip]^,  Poppet, 
0.0065-  ^  0.0065-Inch  Interference 
Photo  Showing  Transition  From 
Lapped  to  Liquid  Honed  Surface 


Figure  255-  Test  Model  J^,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  256.  Test  Model  ,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo 
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Figure  257<  Test  Model  Jfi,  Seat, 
0,0065-  X  0.0065-Inch  Plain  Photo, 
Same  Location  as  Fig.  255  After 
Passivation 


Figure  259-  Test  Model  Uf ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Prior  to  Anodizing 


Figure  258.  Test  Model  Jf][,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  After  Passivation,  Same 
Location  as  Pig.  257 


Figure  260.  Test  Model  ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo  Prior  to  Anodizing 


Figure  261.  Test  Model  ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Bands  Focused  on  Anodized 
Surface 


Figure  263.  Test  Model  Vj ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Prior  to  .Anodizing 


Figure  262.  Test  Model  Uf ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Bands  Focused  Through 
Anodize,  on  Base-Metal  Surface 


Figure  264.  Test  Model  Vj ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Prior  to  Anodizing 
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Figure  265.  Test  Model  ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Vfliite  Light,  Upper  Bands 
Focused  on  Anodized  Surface,  Lower 
Bands  on  Base  Metal 


.  Test  Model  Wf,  Seat, 
0.0065-Inch  Interference 


WT 


Figure  269.  Test  Model  Seat, 

0.033-  X  0.033-Inch  Interference 
Photo  Showing  Plating  Buildup  at 
Corners  (Posttest) 


Figure  270.  Test  Model  ,  Seat, 
0.033-  X  0.03'^-Inch  Interference 
Photo  Showing  Plating  Void,  Wliite 
Light  (Posttest) 


Figure  271-  Test  Model  Seat, 

0.0065-  X  0.0065-Inch  Plain  Photo 
Showing  Plating  Void  (Preplate 
Finish  Visible  at  Void  Bottom) 


Figure  272.  Test  Model  Seat, 

0.033-  X  0.033-Inch  Plain  Photo 
Showing  Ridged  Crack  in  Plating 


Figure  273-  Test  Model  Wfj,  Seat 
0.0065-  X  0.0065-Inch  Plain  Photo 
Shoving  ID  Termination  of  Ridged 
Grade,  Fig.  272 


Figure  274.  Test  Model  Seat, 

0.033-  X  0.033-Inch  Interference 
Photo,  Bands  Rotated  to  Illustrate 
Ridged  Crack,  Fig.  272 


Figure  275*  Test  Model  Wf]^,  Seat, 
0.033-  X  0.033-Inch  Plain  Photo 
Shoving  Plastic  Deformation  and 
Plating  Void 


Figure  276.  Test  Model  Wf]^,  Seat, 
0.0065-  X  0.0065-Inch  Plain  Photo 
Shoving  Plastic  Deformation,  Same 
Location  as  Fig.  273 
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Figure  277.  Test  Model  Tf,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  279-  Test  Model  T^ ,  Seat, 
0.033~  X  0.033-Inch  Interference 
Photo 


Figure  278.  Test  Model  Tf ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Plioto 


Figure  280.  Test  Model  T^p,  Seat, 
0.033-  X  0.03^-Inch  Interference 
Photo 
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Figure  281.  Test  Model  ,  Seat, 
0.033-  X  0.033-Inc]i  Interference 
Photo,  After  Test  1,  Same  Location 
as  Fig.  280 


Figure  283.  Test  Model  T^^,  Seat, 
0.033-  X  0.033“Inch  Interference 
Photo  Showing  Gold-Plate  Disruption 


Figure  282.  Test  Model  Tf x )  Seat, 
0.0065-  X  0.0065-Inch  Plain  Photo 
Showing  ID  Plastic  Deformation 
After  Test  1 


Figure  284.  Test  Model  TjX’  Seat, 
0.0065-  X  0.0065-Inch  Plain  Photo 
Showing  ID  Plastic  Flow  After 
Cycling,  Same  Location  as  Fig.  282 


Figure  285.  Test  Model  G,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Wide  Bandwidth 


Figure  286.  Test  Model  G,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Narrow  Bandwidth  Showing 
Test  Scratch 


Figure  287.  Test  Model  H,  Poppet,  Figure  288.  Test  Model  H,  Seat, 
0.0065-  X  0.0065-Inch  Interference  0.033-  x  0.033-Inch  Interference 
Photo  Photo 
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Figure  289.  Test  Model  I,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  290.  Test  Model  L,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Shoving  Plastic  Deformation 
at  Area  of  Lead  Particle  3 


Figure  292.  Test  Model  L,  Poppet, 
0.033-  X  0.033-Inch  Interference 
Photo  Shoving  Flattened  Lead 
Particle  3  (Note  Lay  of  Opposing 
Surface) 


Figure  291.  Handling  Probe  and  Lead 
Particle  3.  0.033-  x  0.033-Inch 
Plain  Photo  (Pef.  Test  Model  L) 


Figure  293-  Handling  Probe  and 
Diamond  Particle  2,  0.033“  ^  0.033- 
Inch  Plain  Photo  (Ref.  Test  Model  L) 


Figure  294.  Test  Model  L,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Showing  Embedded  Diamond 
Particle  3 


Figure  295'  Test  Model  L,  Poppet, 
0.033-  X  0.033-IncIi  Interference 
Photo  Sliowing  Plastic  Deformation 
Caused  by  Diamond  Particle  2 


Figure  296.  Test  Model  ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 

Photo 
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Figure  297-  Test  Model  Xf ,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  299*  Test  Model  X.^ ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Plioto  Showing  Raised  Nodule  Posttest 
at  ID 


•f  •  ^ 

►  I 


Figure  298.  Test  Model  Xf ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo 


Figure  300,  Test  Model  ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Showing  Edge  Plastic  Flow 
and  Corrosion  Fretting 
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Figure  301.  Test  Model  Xj ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
P'aoto ,  Same  Location  as  Fig.  3OO 


Figure  302.  Test  Model  ,  Poppet 
0.033-  X  0.033-Inch  Interference 
Photo,  Same  Location  as  Fig.  3OO 


Figure  303.  Test  Model  X^ ,  Poppet 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Same  Location  as  Fig.  302 


Figure  30^i.  Test  Model  Yf ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Shoving  Lapj^ing  Scratch 


Figure  305-  Test  Model  ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Same  Location  as  Fig.  3^4 


Figure  3O6.  Test  Model  Yf ,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo 


Figure  307*  Test  Model  Yj ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Showing  Fretting  Corrosion 
at  ID  Before  Wiping 


Figure  308.  Test  Model  Y^ ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo  Showing  Fretting  Viear  at  ID 
After  Wiping 


Figure  309-  Test  Model  ,  Poppet 
0.033-  X  0.033-Incli  Plain  Photo 
Showing  Corrosion  Fretting  at  ID 
After  Wiping 


Figure  311-  Test  Model  ,  Poppet 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Same  Location  as  Fig.  310, 
Showing  Corrosion  Products 


Figure  310-  Test  Model  Y^ ,  Poppet, 
0.0065-  X  0.0065-Inch  Plain  Photo, 
Same  Location  as  Fig.  309  at  ID 


Figure  312.  Test  Model  Y^ ,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Same  Location  as  Fig.  3II 
After  Light  Polish 
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Figure  313«  Test  Model  Pf ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo 


Figure  315*  Test  Model  Pf ,  Poppet, 
0.033-  X  0.033-Inch  Interference 
Photo 


Figure  314.  Test  Model  Pp ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Same  Location  as  Fig.  313 
at  ID 


Figure  3I6.  Test  Model  Pf ,  Poppet, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Same  Location  as  Fig.  315 
at  ID 
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Figure  317-  Test  Model  ,  Seat, 
0.033-  X  0.033-Inch  Interference 
Photo  Showing  Pit  and  Adherent 
Contaminant 


Figure  318.  Test  Model  P^,  Seat,  0.0089-  x  0.011-Inch 
Interference  Photo,  Same  Location  as  Fig.  317  After  Wiping 
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Fif^re  319.  Test  Model  Pf ,  Seat,  Figure  320.  Test  Model  Pf ,  Poppet, 

0.6065-  X  0.0065-Inch  Interference  0.03’^-  x  0.033-Inch  Interference 

Photo,  Same  Location  as  Fig.  318  Photo,  Same  Location  as  Fig.  31? 


Figure  321.  Test  Model  P^,  Poppet^,  0.0089-  x  0.011-Inch 
Interference  Photo,  Same  Location  as  Fig.  320 
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Figure  322.  Test  Model  Zf,  Seat, 
0,033-  X  0.033-Inch  Interference 
Photo 


Figure  323-  Test  Model  Z^,  Seat,  Figure  324.  Test  Model  Z^,  Seat, 

0.033-  X  0.033-Inch  Interference  0,0065-  x  0,0065-Inch  Interference 

Photo,  Same  Location  as  Fig.  322  Photo,  Same  Location  as  Fig.  322 

at  ID 
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Figure  325*  Test  Model  Zf ,  Seat, 
0.0065-  X  0.0065-Inch  Interference 
Photo,  Same  Location  as  Fig.  322 
at  Midland 


Figure  327*  Test  Model  Zj ,  Poppet 
0.033-  X  0.033-Inch  Interference 
Photo,  Same  Location  as  Fig.  326 


Figure  326.  Test  Model  Zf ,  Poppet 
0.033-  X  0.033-Inch  Interference 
Phot  0 


Figure  329.  Test  Model  ,  Seat  Cross  Lay  Roughness  Profile  Record,  0,0001-Inch  Radius  Stylus 


Figure  330.  Test  Model  Qf ,  Poppet  Cross  Lay  Bouglmess  Profile  Record,  0 . 0001-Inch  Radius  Stylus 
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Figure  335*  Test  Model  ,  Seat  Roughness  Profile  Record,  0.0001- Inch  Radius  Stylus 


Figure  338.  Test  Model  ,  Seat  Cross  Lay  Roughness  Profile  Record,  0.0001-Inch  Radius  Stylus 
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Figure  339*  Test  Model  ,  Poppet  Cross  I^y  Roughness  Profile  Record,  0,0001-Inch  Radius  Stylus 


Figure  341,  Test  Model  ,  Seat  Circumferential  Waviness  Profile  Record,  Midland,  l/l6-Inch  Ball  Stylus 


Figure  342.  Test  Model  D,  Poppet  Roughness  Profile  Record,  0,0001- Inch  Radius  Stylus 
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Figure  3^3*  Teat  Model  C,  Poppet  Roughness  Profile  Record,  0»0001-Inch  Radius  Stylus 


Figure  3^5*  Test  Model  B,  Seat  Roughness  Profile  Record,  0»0001-Inch  Radius  Stylus 


Figure  346»  Test  Model  J,  Poppet  Roughness  Profile  Record,  0*0001- Inch  Radius  Stylus 
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Figure  350»  Test  Model  ,  Poppet  Circumferential  Roundness  Profile  Record,  Midland,  l/l6— Inch  Ball  Stylui 


Figure  351*  Test  Model  B  ,  Seat  Cross  Land  Roughness  Profile  Record,  0.0005" Inch  Radius  Stylus 
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Figure  352.  Test  Model  B  ,  Poppet  Cross  Land  Roughness  Profile  Record,  0o.0005-Inch  Radius  Stylus 


Figure  353*  Test  Model  B  ,  Seat  Circumferential  Houndness  Profile  Record,  Midland,  l/l6-Inch  Ball  Stylus 


Figure  35^*  Test  Model  Poppet  Circumferential  Roundness  Profile  Record,  Midland,  l/l6-Inch  Ball  Stylus 


Figure  356.  Test  Model  C^,  Seat  Cross  Land  Roughness  Profile  Record,  0,0005-Inch  Radius  Stylus 
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Figure  357*  Test  Model  ,  Seat  Circumferential  Roondness  Profile  Record,  Midland,  l/l6-Inch  Ball  Stylus 


Figure  358*  Test  Model  ,  Poppet  Circumferential  Roundness  Profile  Record,  Midland,  l/l6-Inch  Ball  Stylus 


Figure  359-  Test  Model  ,  Seat  Cross  Land  Profile  Trace,  0.0005- Inch  Radius  Stylus 


Figure  36O.  Test  Model  ,  Seat  Circumferential  Roundness  Profile  Record,  Midland,  0.0005-Inch  Radius  Stylus 
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Figure  361.  Test  Model  E  ,  Poppet  Circumferential  Roundness  Profile  Record,  Midland,  l/l6-Inch  Ball  Stylus 

c 


Figure  362.  Test  Model  ,  Seat  Circumferential  Roundness  Profile  Record,  Midland,  l/l6-Inch  Ball  Stylus 


Figure  363*  Teat  Model  F^ ,  Seat  Circumferential  Roundness  Profile  Record,  Midland,  l/l6-Inch  Ball  Stylus 


Figure  364.  Test  Model  F^ ,  Poppet  Circumferential  Roundness  Profile  Record,  Midland,  l/l6-Inch  Ball  Stylus 


Figure  365-  Test  Model  ,  Poppet  Circumferential  Roundness  Profile  Record,  Midland,  l/l6-Inch  Ball  Stylus 


Figure  366.  Test  Model  G  ,  Seat  Circumferential  Roundness  Profile  Record,  Midland,  l/l6-Inch  Ball  Stylus 
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Figure  368.  Test  Model  A^,  Poppet  Circiamf erentlal  Roundness  Profile  Record,  0.470- Inch  Diameter,  l/l6-Inch  Ball  Stylus 


Figure  569.  Test  Model  ,  Poppet  Circumferential  Roundness  Profile  Record,  0.470- Inch  Diameter,  l/l6-Inch  Ball  Stylus 


Figure  370.  Test  Model  C^,  Poppet  Cross  Lay  Roughness  Profile  Record,  0.0001-Inch  Radius  Stylus 
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Figure  371*  Test  Model  TJ^ ,  Seat  Cross  Land  Roughness  Profile  Record,  0.0001-Inch  Radius  Stylus 


Figure  372.  Test  Model  ,  Seat  Cross  Land  Roughness  Profile  Record,  0.0001- Inch  Radius  Styl 


0.0018  Inch 


5  Microinchea 


Figure  373*  Test  Model  H,  Seat  Roughness  Profile  Record,  0,0001- Inch  Radius  Stylus 


0. 00079  Inch  5  liicroinches 


Figure  374*  Test  Model  I,  Poppet  Roughness  Profile  Record,  0.0001-Inch  Radius  Stylus 


EXPERIMENT.M  TEST  PROGRAM 


The  experimental  program  vas  designed  to  support  leakage  and  seating  analyses 
and  to  provide  emperical  model  seating  data  vhere  an  analytical  approach 
was  not  possible  or  feasible. 

The  experimental  approach  undertaken  was  to  study  initially  near-seated 
valving  parameters  to  verify  leakage  and  pressure  distribution  analyses. 

The  near-seated  region  was  defined  as  that  poppet-seat  separation  which 
encompassed  a  complete  transition  through  the  various  flow  regimes  (see 
Leakage  Flow  vVnalysis).  Following  the  near-seated  tests,  the  characteris¬ 
tics  and  capabilities  of  the  testers  were  determined  and  their  influence 
on  model  seating  defined  or  anticipated. 

Within  the  program  scope,  detailed  correlative  study  of  each  model  tested 
was  limited.  This  was  due  to  the  complexity  of  many  models  and  also  be¬ 
cause  the  fabrication  techniques  employed  resulted  in  a  combination  of 
variables  which  could  not  be  separated  or,  in  some  cases,  ev'en  identified. 
However,  the  inclusion  of  pertinent  inspection  records  and  data  may  be  used 
by  the  designer  to  reach  design  decisions  based  upon  personal  study  and 
supplemental  information. 


JSPERIMEWTAL  TEST  SETIT 

The  poppet  and  seat  testers  were  setup  in  an  air-conditioned  room  contain¬ 
ing  all  of  the  pressure-,  flow-,  dynamic-  and  linear-  measurement  devices 
necessary  to  the  test  effort  and  microscopes  for  visual  surface  inspection 
Other  surface  inspection  equipment  was  located  nearby  so  that  measurements 
could  be  conveniently  made  when  necessary.  Access  to  suitable  surface  in¬ 
spection  equipment  was  mandatory  since  a  basic  program  objective  was  to 
identify  and  relate  the  various  surface  parameters  controlling  leakage  for 
the  specific  model  tested.  Figures  375  and  376  show  the  testers  and 
associated  instrumentation.  Schematic  diagrams  of  the  static  and  cycle 
test  arrangements  are  shown  in  Fig.  377i  378|  and  379- 
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Figure  376.  Cycle  Test  Setup 
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Figure  378. 


Test  parameters,  systems,  and  instruments  bearing  upon  the  accuracy  and 
precision  of  tlie  data  are  discussed  below. 


Gas  Pressure  Supply 


Except  for  the  variety  of  gases  required  for  the  near-seated  tests,  gas¬ 
eous  nitrogen  (MIL-N-6OII)  at  room  temperature  (70  ±5  5")  vas  used  for  con¬ 
trol  and  leak  testing  purposes.  For  all  tests  gas  temperature  was  corrected 
as  necessary  to  70  F.  Standard  bottle  regulators  were  utilized  to  hand 
control  the  2200  psig  gas  from  0  to  1500  psig;  pressures  could  be  maintained 
within  0.2  psi  for  most  applications.  During  cycle  tests,  however,  the 
solenoid  v'alve  feed  system  demand  was  such  tliat  overpressurization  was  re¬ 
quired.  In  this  manner,  pressure  drop  occurring  during  actuation  of  the 
control  solenoid  valve  was  recovered  prioi-  to  initiation  of  the  next  cycle. 

Inlet  and  piston  centering  film  pressure  gas  Avas  pressed  through  0.5-micron 
(absolute)  porous  membrane  filters  close-coupled  to  the  testers.  Piston¬ 
loading  control  pressure  Acas  fed  to  the  static  tester  through  a  5-raicron, 
A/ire-mesh  filter.  Because  of  [)ressvire  drop  considerations,  cycle  tester 
conti'oi  pressure  vais  filtei'ed  U[)strearn  of  the  reservoir  bottle;  a  0.5- 
micron  meniher  filter  Av-as  employed.  The  unavoidable  Arear  and  lubricant 
contaminants  from  the  solenoid  valv'e  necessitated  periodic  cleaning  of  the 
cycle  tester  control  cavity. 

Pressure  Measurement 


'flic  testers  Av'ere  connected  to  a  comiAlex  of  pressure  gages  to  provide 
measurement  of  inlet  and  load  control  pressures.  Heise  gages,  0-  to  500- , 
0-  to  600-(t'Onti'ol  )  and  0-  to  }000-(inlet)  psig  ranges,  having  l-psi  sub¬ 
divisions  and  accurate  to  "0.1-percent  of  full  scale  were  used.  For  con¬ 
trol  pressures  (greater  tlian  5D0  psig,  0  to  I5OO  psig  t0.25-perceiit  Ash¬ 
croft  gages  were  utilized  and  similar  accuracy  gages  Aiere  employed  for 
seat  land  pressure  distribution  and  other  tests.  To  permit  accurate 
differential  measurements,  all  gages  were  parallel-connected  and  calibrated 
against  one  Heise  gage.  The  noncritical  film  pressures  Av'ere  set  avA  th  the 
bottle  regulator  g£iges. 


Temperature  Measurement 


All  tests  were  performed  at  room  temperature  w'hich  was  monitored  id.th 
ordinary  thermometers.  Initially,  static  tester  inlet  and  outlet  (leak¬ 
age)  gas  temperatures  were  indicated  with  thermocouples  and  an  Alnore  pyro¬ 
meter,  a  necessity  for  high-volume,  off-seat  flow  temperature  corrections. 
This  system  was  eventually  discarded  and,  for  leak  testing,  ordinary 
thermometers  were  employed,  one  monitoring  adjacent  room  temperature  and 
one  close-coupled  to  the  leak  source.  Only  in  rare  cases  did  a  significant 
differential  requiring  correction  occur  during  a  test  run. 


Piston  Centering  (Film  Pressure)  System 

To  achieve,  essentialy,  a  frictionless  loading  member  and  to  prevent  ab¬ 
normal  or  eccentric  poppet-seat  loading  due  to  tester  piston  misalignment, 
both  testers  employed  the  hydrostatic  air  bearing  principle.  As  noted  in 
the  Test  Fixture  section,  the  static  tester  piston  with  a  0.00012-inch 
body  diametral  clearance  "floated"  with  a  105-in. -lb  moment  about  the  pis¬ 
ton  center  and  450-psig  film  pressure.  The  cycle  tester  having  0.000050- 
inch  diametral  clearance,  withstood  in  excess  of  a  150-in. -lb  moment  at 
300-psig  film  pressure  without  diametral  contact.  To  provide  a  safe- 
operating  margin,  both  testers  were  operated  at  600-psig  film  pressure. 

This  was  more  than  adequate  since  no  evidence  of  out-of-parallelism  approach¬ 
ing  the  125-raicroinch  Lest  of  the  initial  program  (which  produced  only  a 
35-in. -lb  moment)  was  encountered  during  the  test  effort. 


Linear  Measurements 


Depending  on  the  test,  several  linear  measurement  and  positional  control 
methods  were  employed.  Both  testers  utilized  a  40  pitch  screw  thread  ad¬ 
justment  feature  for  piston  position  control.  Together  with  the  scale  and 
pointer  arrangement  (see  Test  Fixture  section),  and  assuming  a  ±0. 001-inch 
scale  reading  resolution  (interpolation  of  0.01-inch  scale  subdivisions 
under  5X  magnification),  axial  position  accuracy  of  approximately  -^2  micro¬ 
inches  was  jjossible  under  ideal  conditions. 
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For  near-seated  tests,  the  static  tester  vas  located  on  a  granite  sur¬ 
face  plate  flat  vithin  25  microinches  over  a  18-  by  24-inch  area.  This 
surface  was  used  as  a  reference  datum  for  necessary  height  measurements. 
Poppet-seat  gap  was  indicated  by  the  tester  screw  thread  arrangement  with 
a  Merz  electronic  indicator  providing  backup  and  calibration  service.  As 
the  piston  and  poppet  were  electrically  insulated  from  the  seat,  zero 
position  or  contact  indication  could  be  accomplished  by  an  electrical 
short-circuit  signal  readout  on  a  microammeter.  A  l-l/2-volt  battery  in 
series  with  a  1.2-megohm  resistor  provided  a  source  of  electrical  energy 
which  did  not  visibly  (5OOX)  pit  or  burn  the  surfaces. 

The  electrical  contact  signal,  in  conjunction  with  simultaneously  noted 
leakage  rate,  was  also  used  in  both  testers  to  indicate  an  out-of-parallel 
condition  or  the  presence  of  interfacial  contamination.  If  leakage  at 
electrical  contact  was  significantly  more  than  surface  inspection  data 
would  indicate,  a  contamination  or  geometrical  defect  was  generally  noted. 

Cycle  tester  dynamic  piston  displacement  data  were  obtained  from  position 
transducer  traces  and,  with  known  time  bases,  piston  velocities  were  com¬ 
puted.  Several  calibration  procedures  were  necessary  to  verify  accuracy 
of  the  velocity  parameter.  The  cycle  tester  screw  thread  was  used  to 
establish  total  piston  stroke  and  calibrate  position  transducer  linearity. 
The  latter  was  accomplished  by  stepping  in  0.025  ±0. 00005-inch  increments 
for  a  0.10-inch  stroke  and  noting  incremental  variations  over  8  centimeter 
of  oscilloscope  screen  traversement .  A  nonlinearity  of  7.5  percent  was 
noted  for  the  initial  0.025  inch; thereafter,  the  incremental  deviation 
was  2.5  percent  of  each  0.025  inch.  Displacement  values  were  appropriately 
corrected  using  these  data. 

Oscilloscope  horizontal  sweep  times  were  calibrated  against  commercial 
60  cps  and  the  precisely  known  internal  square  wave  frequency  of  1258  cps. 
The  time-base  settings  so  calibrated  (5  to  0.1  ras/cm)  were  accurate  within 
1.1  percent. 
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Oscilloscope  vertical  linearity  was  within  t.race  resolution  capuhility 
of  approximately  0.0‘J  cen  Limi- 1  er .  Camera  |)arallax  and  oscilloscope 
screen  curvature  potential  errors  were  eliminated  l)y  settinii'  data  points 
througli  tlie  cam^Ta  viewer  and  producing  tlie  position  trace  in  Llie  center 
oi'  the  screen.  With  tlie  appiicalion  of  jtertineni  corrections  and  neces¬ 
sary  precautions  tlie  calculated  velocity  values  are  considered  accurate 
within  5  percent. 


Load  Measurement 


St;itic  Load  So  Lor  initial  contract  effort,  the  3-Ltloc\'clp  energized 
strain  gage  load  cells  wx-re  ernployeri  for  static  load  distrihurion  evalua¬ 
tion  and  [uston-area  load  measurement  correlation.  The  pressure-area  method 
was  used  for  all  stress-leakage  testing,  holli  in  sLalio  and  cycle  testers. 
Additionally,  this  rel  ati  onslii[j  was  used  for  static  calibration  of  the  d-c 
energized  strain  gage  load  cell  resistors  and  the  piezoelectric  load  cell 
utilized  in  the  cycle  tester. 


The  following  basic  expressions  were  used  to  conii)Ute  a])j)ar(*nt  seat  stress 
from  the  piston  area-cont  rol  pressure  loading  rel  ati  ouship.  i'he  static 
tester  was  in  an  inverted  position  (piston  end  dovii),  a  convenience  con¬ 
dition  utilized  for  the  majority  of  on-seat  tests.  Tlie  cycle  tester  was 
in  a  horizontal  [losition  vdieie  moving  parts  weigltt  does  not  enter  the 
comiiutat i on  and,  under  film  pressurized  conditions,  the  piston-hody  fric¬ 
tion  load  Is  negligible.  For  tlie  static  tester: 
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For  the  cycle  tester: 
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where 


effective  seating  area  (see  Leakage  Flow  Analysis  section), 
sq  in„ 

cycle  tester  piston  area,  1.762  sq  in. 
static  tester  piston  area,  1.76?  sq  in. 

dashpot-piston  connection  rod  area,  0.0756  sq  in.  (A  - 
A^  =  1.6B7  sq  in.) 

flat  seat  land  normal  projected  area,  sq  in. 

strain  gage  force,  cells  1,  2,  and  3 

hias  spring  force,  13.0  pounds 

dashpot  0-ring  friction,  approximately  4  pounds 

piston  control  pressure,  psig 

apparent  seat  stress,  psi 

piston  assembly  weight,  variable  with  poppet  material  and 
retaining  method,  pounds 


The  computation  of  apparent  seat  stress  was  simplified  by  a  balance  pres¬ 
sure  test  where  inlet  pressure  and  other  extraneous  forces  are  nullified. 

The  balance,  or  null  point  was  determined  by  positioning  the  poppet  slightly 
off-seat  (about  50  microinches)  against  inlet  pressure  (and  other  forces) 
with  the  manually  controlled  screw  thread  adjustment  and  gradually  increas¬ 
ing  control  (P^)  pressure.  The  control  pressure  required  to  just  over¬ 
ride  the  manual  loading  force  (as  evidenced  by  electrical  contact  and/or 
an  abrupt  change  in  simultaneously  monitored  leakage)  was  defined  as  the 
balance  pressure.  With  all  system  forces  in  balance  the  apparent  seat 
stress  is  then: 

Ap  a 

r,  c  p 

®  “  A 
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Where  (AP^)  is  the  increase  in  piston  control  pressure  above  the  balance 
pressure.  The  balance  pressure  was  also  proved  by  computation  with  the 
above  equations  assuming  a  zero-stress  condition.  The  error  involved  in 
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determination  and  use  of  the  balance  pressure  parameter  as  a  means  of 
computing  seat  stress  may  he  considered  as: 


e 


AAp  A  +P,  A  +  AP 
_ c  p  1  e _ 

S  A 
,s 


X  100 


where 

e  =  seat  stress  error,  percent 

=  includes  P(.  balance  definition  or  interpretation  error  esti¬ 
mated  at  ±0.2  psig  and  P^  gage  reading  error,  ±0„1  psig 

A  P^  =  inlet  pressure  gage  reading  error  and  variation  from  set  point 
during  test,  ±1  psig 

AF  =  potential  change  in  dashpot  0-ring  friction  or  static  tester 
leak  collector  O-ring  force  subsequent  to  P  balance  test, 
estimated  at  ±0.1  pound  m.aximum 

A^  =  seat  area,  nominally  0.0443  sq  in. 

Assuming  a  maximum  error  condition,  seat  stress  computations  are  accurate 
within  ±18.3  percent  at  100  psi,  ±9.2  percent  at  200  psi  and,  with  con¬ 
tinually  reducing  error,  ±1.8  percent  at  1000-psi  apparent  stress.  Fig¬ 
ure  380  presents  a  typical  model  stress-leakage  characteristic  and  illus¬ 
trates  the  maximum  calculated  stress  error  band.  As  the  stress-leakage 
information  generally  represents  repetitive  data,  the  probable  experimental 
deviation  is  on  the  order  of  70  percent  of  the  noted  errors. 


Dynamic  Loads.  Both  strain  gage  with  d-c  energization  and  piezoelectric 
load  cell  systems  were  used  to  measure  dynamic  (cycle)  impact  loads. 

VvTiile  dynamic  calibration  was  not  possible,  static  calibration  was  per¬ 
formed  prior  to  each  test.  The  strain  gage  calibration  resistors  were 
used  to  set  up  this  system  and  were  periodically  verified  by  the  pressurized- 
piston  load  standard  method.  The  piezoelectric  load  cell,  having  no  inter¬ 
mediate  calibration  resistors,  was  directly  calibrated  with  appropriate 
pressurized-piston  loads.  Static  calibration  accuracy  of  both  systems 
was  well  within  5  percent. 
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Figure  380 „  Error  Band,  Typical  Stress-Leakage  Curve 


During  the  latter  stages  of  the  cycle  test  effort,  the  strain  gage  system 
signal-to-noise  ratio  progressively  got  worse  making  assessment  of  load 
traces  difficulty  Ultimately,  one  cell  failed  and  the  piezoelectric  system 
was  used  for  all  further  dynamic  load  measurements. 


Leakage  Measurement 

IVo  basic  leakage  measuring  methods  were  used  in  the  experimental  test 
program.  For  floiv^rates  below  0„1  scim,  positive-displacement  burets  were 
used  whereas  flows  greater  than  0.1  scim  allowed  the  more  versatile  rate 
meters  to  he  employed.  All  measurements  were  taken  at  essentially  ambient 
conditions. 

Brooks  pyrex  hall-float  rotameters  (tube  numbers  IL-2-15-Aj5A;  3-15-4;  6-15-2 
measured  leakage  from  0.05  to  110  scim.  These  devices  were  calibrated 
with  burets  and  positive-displacement  meters  using  nitrogen  gas.  For  gas 
comparison  tests,  these  meters  were  additionally  calibrated  for  use  with 
helium,  argon,  and  hydrogen  gases.  Calibration  precision  was  on  the  order 
of  ±2  percent  with  an  overall  accuracy  estimated  at  better  than  ±5  percent. 

Brief  mention  should  he  made  of  the  Brooks  tube  number  R^2-15-AA.A,  which 
exhibited  phenomenal  repeatability  and  precision.  This  is  the  smallest 
tube  manufactured,  having  a  range  from  its  sensitivity  level  of  0.02  to 
3=7  scim  (sensitivity  ratio  of  185:l).  Periodic  calibration  of  this  meter 
with  burets  over  a  2-year  span  consistently  indicated  a  repeatability  of 
better  than  0.01  scim  from  0.02  scim  up.  Furthermore,  the  meter  was  rel¬ 
atively  insensitive  to  tilt  showing  no  reading  deviation  for  angles  up  to 
10  degrees.  Calibration  of  this  tube  with  several  gases  indicated  that 
the  mode  of  flow  was  laminar.  For  higher  flows  in  which  the  larger  tubes 
were  employed  a  mixed  laminar-turbulent  flow  was  evident  gradually  trans- 
isting  to  a  nozzle  flow  condition. 

Considerable  time  was  expended  attempting  to  calibrate  several  Fisher 
and  Porter  minimum  flow  volume  "Tri-Flat"  tube  and  ball  combinations  for 
the  cycle  test  program.  These  meters  proved  to  have  a  low  sensitivity 
ratio  (l5:l)  with  poor  accuracy  (up  to  30-percent  error).  Errors  were 
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attributed  to  tilt  sensitivity  and  electrostatic  charges  vdiich  even  anti- 
stat  fluid  could  not  entirely  correct.  The  problem  appeared  to  result 
from  the  high  rotational  speed  of  the  ball  float  which,  in  conjunction  with 
a  slight  tilt  angle  (4  degrees),  caused  an  inconsistent  high  reading. 

(The  Brooks  meter  ball  rotated  slowly.) 

For  the  higher  flowates  encountered  in  near-seated  testing  (up  to  14  scfm) 
plug-type  rotameters  were  used.  These  meters  were  calibrated  with  positive 
displacement  gas  meters  to  an  accuracy  of  better  than  ip  percent. 

Calibration  and  leak  measurement  burets  (Manostat  Corp.)  used  were  100 
milliliters  for  the  conventional  bubble  under  method  and  10,  5,  and  1 
milliliters  for  leveling.  The  5-  and  1-milliliter  tubes  having  graduations 
of  0.01  and  0.002  cc,  respectively,  were  predominately  used.  The  buret 
systems  (Fig.  377)  are  described  in  detail  below  with  correction  equations 
and  analysis  of  probable  errors. 

Leakage  Collection.  The  23-00  in.  cavity  enclosed  by  the  tester  covers 
(Fig.  36  and  37)  proved  suitable  for  rotameter  levels  of  flow.  Lower 
leakages,  however,  necessitated  collection  in  a  smaller  container  so  that 
tlie  leakage  volume  would  not  be  submerged  by  jircssure  and  temperature  vari¬ 
ations.  This  was  accomp.l i  shed  in  the  initial  program  by  placing  a  lubri¬ 
cated  0-ring  seal  betv/een  tlie  f)oppet  and  seat.  A  0.04-inch-diameter  brass 
tube  was  inserted  through  the  seal  and  in  turn,  was  connected  to  the  level¬ 
ing  buret  by  4  to  32  inches  of  0.038-inch  ID  plastic  tubing.  For  testing 
conical,  spherical,  and  cycle  test,  models,  la])ped  aluminum  collecting  rings 
(Fig.  68)  were  located  betw€'en  the  poppet  and  seat  and  sealed  with  center- 
point  lube.  Plastic  tubing  as  above  connected  the  ring  to  the  buret. 


Conventional  Bubble  Under  Buret.  Of  the  two  positive-displacement  systems 
evaluated  in  detail,  the  first  was  the  conventional  method  of  introducing 
the  leak  through  water  at  the  base  of  an  inverted  buret  to  displace  a 
column  of  water.  This  proved  satisfactory  and  accurate  for  larger  flows; 
however,  leakage  measurements  vinder  0.1  scira  required  small  bore  tubes  to 
obtain  readings  in  a  reasonable  time  and,  when  used  Lii  the  above  manner, 


large  gas  bubbles  tended  to  stick  at  the  base  of  the  tube.  Reducing  the 
diameter  of  the  gas  bubbles  by  a  small-exit  orifice  helped  to  attain  the 
measurement,  but  this  caused  back  pressure  on  the  leak  which  had  to  be 
overcome  before  a  stable  reading  could  be  talten. 


Leveling  Bulb  Buret,  The  second  method  which  overcame  these  difficulties 
was  successfully  employed  for  low-rate  leakage  testing.  The  gas  leal<  was 
introduced  at  the  top  of  the  buret  rather  than  bubbling  it  through  the 
water.  A  leveling  bottle  connected  to  the  base  of  the  buret  provided  con¬ 
trol  of  both  the  level  and  internal  pressure  after  introducing  the  leak. 

By  dropping  the  height  of  the  bottle  to  match  (within  approximately  0.06- 
inch  negative  head)  the  level  in  the  buret  as  the  leak  volume  increased, 
the  pressure  differential  in  the  system  was  made  negligibly  small.  How¬ 
ever,  in  measuring  small  leaks,  it  was  noted  that  slight  positive  or  neg¬ 
ative  pressure  differentials  could  cause  extraneous  leakage  resulting  in 
large  errors.  Therefore,  the  system  was  always  leak  checked  by  sealing 
off  the  inlet  pressure  and  purposely  creating  up  to  a  1-foot  negative  head 
so  that  the  buret  level  could  be  observed  for  change  which  would  indicate 
an  external  leak. 


Biiret  Llow  Equation.  Examination  of  the  flow  equations  that  correct  for 
water  head,  vapor  pressure,  and  ambient  conditions  for  the  conventional 
and  leveling  bottle  systems  show  the  advantage  of  the  second  method  in 
requiring  fewer  corrections.  These  expressions  assume  a  constant  run 
temperature  and  pressure . 


Conventional : 
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water  level  head,  inches 

atmospheric  pressure,  psia 

standard  atmospheric  pressure,  psia 

vapor  pressure  of  water  at  temperature,  psia 

leakage,  scim 

time,  seconds 

gas  temperature  (assumed  equal  to  water  temperature),  R 

standard  atmospheric  temperature,  R 

initial  volume  in  huret,  cc 

liquid  density  (with  water  used)  Ih/in. 

change  in  volume  as  a  result  of  lealcage,  cc 


Buret  Plow  Measurement  Errors „  The  ultimate  use  of  the  flow  data  is  to 
allow  comparison  of  the  performance  capabilities  of  various  seating  con¬ 
figurations  »  Because  the  range  of  data  spans  several  orders  of  magnitude, 
great  accuracy  is  not  required.  However,  consistency  of  point  to  point 
data  and  repeat  hysteresis  loops  dictated  the  need  for  reasonable  precision, 
i.e.,  about  ±2  percent.  To  meet  these  requirements,  the  following  measure¬ 
ment  errors  were  evaluated. 
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Volumetric .  V/here  lealcage  values  were  greater  than  10  scim,  volume 
and  time  errors  v/ere  made  small  by  obtaining  suitably  large  buret  displace¬ 
ments  over  a  sufficient  time  interval.  These  intervals  ranged  from  a  min- 

-5 

imum  of  30  seconds  to  1  hour  for  10  scim.  V/liere  leakage  was  measured 

-3  -5  • 

between  10  and  10  scim,  a  minimum  volume  of  0.01  cc  was  displaced  from 
the  1.0-milliter  buret  (five  0.002  cc  divisions).  Because  burets  have  pre¬ 
cision  bore  tubes,  the  significant  source  of  error  is  in  the  reading  accu¬ 
racy  of  the  displaced  water  levels  at  start  and  stop.  For  the  minimum  leak 
_5 

of  10  ,  the  length  of  displaced  water  is  0.200  inch  which,  for  an  estimated 
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A  h  =  0.02  inch  (±0„01  at  each  level),  results  in  a  maximum  error  of  10 
percent.  (The  ±  is  dropped  as  an  error  is  assumed  to  deviate  from  the 
perfect  reading.  ) 


Leveling.  Errors  in  leveling  cause  the  volume  of  gas  being  leaked 
into,  as  well  as  the  leak  volume,  to  he  at  a  pressure  other  than  atmos¬ 
pheric.  Leveling  errors  stem  from  two  sources: 

1„  Capillary  action  results  in  a  differential  height  between  the 

tube  and  bulb  level.  Variations  in  this  heighr  differential  (due 
to  film  contamination  of  the  glass)  over  a  given  span  will  result 
in  pressure  changes  during  a  test  run  if  a  constant  capillary 
height  is  assumed.  This  error  was  nullified  b3^  calibration  over 
a  specific  span.  (Proper  detergent  cleaning  of  the  tubes  and 
use  of  a  few  drops  of  ordinary  bleach  usually  eliminated  any 
noticeable  error.) 

2.  Basic  comparison  reading  errors  of  the  levels  in  the  bulb  and 
buret 

The  equation  for  leakage  error  caused  by  pressure  variations  from  variable 
he  ad  is: 

Pj,  Ah  AV-t  Vj) 

-  (P  -  P  +  p  Ah)  AV 

where  Ah  is  the  leveling  head  error,  and  is  the  toteil  leakage  volume 
external  from  the  buret.  This  relation  indicates  that  within  visual  level¬ 
ing  capabilities  there  is  a  minimum  lealc  volume,  A  V,  which  can  be  measured 
for  a  given  error  and  total  volume  (V^^  +  V^).  For  the  23-cu  in.  volume 
enclosed  by  the  tester  cover,  the  minimum  leak  volume,  Zi  V,  for  a  5“Pui’cent 
error  (o. 02-inch  Ah  reading  error  assumed)  is  0.023  cu  in.  or  0.38  cc. 
Thus,  for  a  1-minute  test,  the  minimum  rate  for  this  large  volume  is  0.023 
scim,  or  l/lOOO  of  the  total  volume.  The  volume  of  the  collecting  ring 
system,  external  to  the  buret,  was  less  than  0.1  cu  in.;  thus,  for  a  50- 
percent  error,  only  1  x  10  ^  cu  in.  or  O.OOI64  cc  leakage  need  be  captured. 


This  minimum  volume  was  increased  to  0.01  cc  to  compensate  for  reading  and 
temperature  errors.  With  this  volume,  it  was  concluded  that  basic  leveling 
errors  had  negligible  effect  on  leak  measurement  accuracy  compared  with 
other  errors. 


Temperature „  Variations  in  air  temperature  surrounding  tlio  external 
leak  volume  and  buret  induced  indeterminate  changes  in  the  final  leak 
volume.  Consequently,  where  timed  i‘uns  were  long  for  low  leakage,  a  4- 
inch  section  of  1.0-milliliter  l)uret  was  taped  and  insulated  directly  to 
the  tester  base.  (This  had  the  added  advantage  of  minimizing  the  tube 
length  from  lealc  collector  ring  to  buret.)  A  thermometer  was  located  next 
to  the  tube  to  measure  any  temperature  change.  The  equation  for  lefilcagc 
error  caused  by  a  change  in  system  temperature  is: 

\  ^  ■ 

Krror  = 

where  A  T  is  the  temperature  variation,  and  T  is  the  mean  absolute  tempera¬ 
ture.  Because  temperature  errors  occurred  only  for  long  duration  runs  in¬ 
volving  low  lealtage,  only  the  low-volume  system  was  affected.  Temperature 
variations  were  estimated  to  he  generally  less  than  1.0  R.  Consequently, 
for  a  minimum  leak  of  0.01  cc  (6.1  x  10  *  cu  in.),  maximum  leak  volume  of 
0.1  cu  in.  and  raeeui  temperature  of  :')30  R,  Hie  maximum  (calculated)  error 
in  leakage  is  31  percent.  For  most  measurements,  the  leiikage  volume  was 
sufficiently  large  and  time  short  enough  so  that  tem])eratui'e  error  was 
less  than  5  percent. 


Summary  of  Errors.  From  the  previous  discussion,  it  is  evident  that 

an  accuracy  of  better  than  iy  percent  was  probable  for  leakage  values  down 
-3 

to  10  scira.  It  should  he  noted  that  had  human  errors  resulted  in  even 

a  10-percent  deviation,  little  effect  would  be  noted  in  the  data  presenta- 

-3  -5 

tion  which  can  only  be  read  to  about  this  level.  Between  10  and  10 
scim,  the  possible  error  increases  from  the  5-percent  level  to  a  predicted 
41  percent.  Numerous  repeats  of  data  points  did  indicate,  however,  better 
precision  than  this,  usually  ilO  to  i30  percent.  Overall  data  presentation 
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accuracy  was  improved  by  simultaneously  reducing  and  plotting  stress- 
leakage  data  during  test;  thus,  nonrepeat  points  or  those  appearing  in 
error  could  be  rerun  if  required. 


MODEL  ASSEMBLY  MD  GENERAL  TEST  HIOCEDLTRES 

Operation  of  the  testers  and  associated  equipment  required  observance  of 
a  number  of  procedural  steps  to  avoid  damage  to  the  seating  and  loading 
surfaces  and  ensure  the  validity  of  the  test.  Verj^  often,  tests  were  per¬ 
formed  and  theories  evolved  to  explain  the  results  only  to  later  find  that 
other  variables,  in  addition  to  the  one  being  evaluated,  had  influenced  the 
experimental  results.  Consequently,  many  tests  were  performed  more  than 
once  to  ensure  repeatability  and  allow  a  thorough  definition  of  the  test 
parameters . 


Poppet  and  Seat  Assembly 

The  primary  consideration  in  assembly  of  poppets  and  seats  into  the  testers 
was  cleanliness.  Cleaning  procedures  varied  dui'ing  the  test  effort  with 
improvements  being  incorporated  as  test  needs  dictated. 

Initially,  parts  were  cleaned  with  trichlorethylene  or  benzene,  seating 
surfaces  wiped  and  tester  installation  performed  under  an  inlet  gas  purge. 

A  secondary  benzene  wipe  iv'as  then  followed  by  removal  of  lint  particles 
with  a  fine  brush  while  purging.  Under  bright  edge-lighting,  such  part¬ 
icles  were  easily  discernible  on  the  reflective  seating  surfaces. 

It  was  noted,  however,  that  parts  removed  from  the  hot  trichlorethylene 
vapor  degreasing  tank  would  "squeak"  when  rubbed  with  wiping  paper  while 
parts  cleaned  with  cold  trichlorethylene,  benzene,  or  freon,  would  not. 
Apparently,  even  these  well-filtered  solvents  retained  some  oil-like  resi¬ 
due  which  adhered  to  test  parts.  Furthermore,  while  lint  particles  could 
be  seen,  electrostatic  charge  effects  made  their  removal  difficult.  A 
radioactive  element  contained  in  a  special  brush(Staticn;'aster) was  found 
to  significantly  reduce  this  latter  difficulty. 
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A  standardized  cleaning  procedure  evolved  which  was  utilized  for  the 
majority  of  the  test  effort.  Poppets  and  seats  were  demagnetized  followed 
by  ultrasonic  cleaning  and  vapor  degreasing  with  hot  trichlorethylene  and 
transferred  to  the  test  area  in  a  closed  container.  After  cooling,  the 
parts  were  dry-wiped  with  lint-free  paper  or  foam  plastic  wiping  material, 
passed  under  the  antistatic  device  and  blown  off  with  high  velocity  nitro¬ 
gen  gas.  Assembly  into  the  tester  followed  under  a  heavy'  nitrogen  purge. 
With  the  establishment  of  this  cleaning  process,  contamination  problems 
during  assembly  were  virtually  eliminated. 

As  originally  conceived,  the  static  tester  was  to  stand  upright  on  its 
baseplate.  This  arrangement,  however,  had  some  drawbacks.  Installation 
of  test  seats  was  relativ'ely  simple  requiring  only  slight  OD  lubrication 
to  permit  easy  insertion  down  into  the  body  cavity  past  the  seal  0-ring. 
With  the  seat  in  place,  the  locking  holt  was  torqued  to  about  100  pounds 
preload,  drawing  the  seat  firmly  down  on  the  baseplate.  As  an  installa¬ 
tion  check,  parallelism  of  the  seat  to  the  baseplate  was  measured  with  the 
Merz  indicator.  All  seats  so  checked  were  parallel  to  the  base  within  10 
microinches  over  the  seating  diameter. 

Poppet  installation  was  much  more  difficult  since  it  had  to  he  inserted 
into  the  tester  and  suspended  above  the  seat.  Extreme  care  was  required 
so  as  not  to  touch  the  seating  surfaces  as  any  edge  or  rubbing  contact 
would  likely  cause  damage.  In  some  cases,  a  thin  sheet  of  polyethylene 
was  inserted  between  poppet  and  seat  to  preclude  contact  during  assembly. 
This  arrangement  protected  the  surfaces  hut  often  introduced  contamination 
necessitating  further  cleaning  and  scrubbing.  The  tester  was  used  in  the 
noted  position  throughout  the  initial  program  effort.  Prior  to  initiation 
of  follow-on  testing,  however,  a  fixture  was  made  to  support  the  unit  in 
an  inverted  position,  baseplate  up.  This  greatly  simplified  installation 
procedures  since  the  seat,  as  the  suspended  part,  was  installed  first  and 
torqued  in  place.  The  poppet  could  then  he  conveniently  installed.  WTien 
clamped,  the  preload  on  all  poppets  A\'as  about  100  pounds. 
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The  cycle  tester,  mounted  in  a  horizontal  position  and  having  a  larger 
access  cavity,  presented  few  installation  difficulties.  The  seat  was 
first  installed  and  torqued.  The  poppet  and  clamping  fixture  vere  pre¬ 
assembled  and  inserted  into  the  tester,  where  clamping  fixture  mounting 
brackets  supported  the  subassembly  while  it  was  slipped  onto  the  piston. 

Three  methods  of  poppet  installation  were  used.  The  first  (clamped  con¬ 
dition),  sho%vai  on  the  tester  drawing  (Fig.  3^),  incorporates  a  retainer, 
flexure  spring,  and  clips  for  positively  positioning  the  poppet  relative 
to  the  seat.  This  arrangement  was  used  for  static  tester  near-seated  and 
some  on-seated  tests  and  exclusively  on  the  cycle  tester.  This  necessi¬ 
tated  that  flat  poppet  and  seat  model  parallelism  be  measured  and  the 
models  oriented  to  produce  the  best  parallel  condition.  Occasionally, 
rework  of  the  back  (loading  face)  of  either  poppet  or  seat  was  necessary 
to  achieve  this  end.  All  flat  models,  as  installed  and  tested,  were 
parallel  within  less  than  10  microinches  over  the  seat  diameter. 

VvTien  it  became  apparent  that  even  a  slight  out-of-parallel  condition 
greatly  influenced  on-seat,  low-stress  test  results,  a  second  arrangement 
was  employed.  This  method  (Fig.  j6,  detail  P)  loads  the  poppet  through 
a  ball  joint  allowing  it  to  conform  with  the  seat.  With  this  test  method 
(ball  loaded  or  ball  joint  tests),  loads  must  be  computed  from  piston  con¬ 
trol  pressure  readings  since  the  strain  gage  load  cells  are  isolated. 

Also,  electrical  contact  tests  could  not  be  performed  due  to  poppet  tilt. 

A  third  arrangement  was  used  for  static  testing  conical  and  spherical 
models.  Unlike  the  flat  models,  both  axial  alignment  (conical  only)  and 
concentricity  were  critical  and  unsufficiently  controll<!d  for  normal 
clamped  loading.  Like  the  flat  model  ball  joint,  means  had  to  be  provided 
for  self-centering  so  that  the  tester  would  have  a  minimal  influence  on 
the  data. 

Interfacial  friction  and  small  righting  moments  precluded  angular  align¬ 
ment  of  the  poppet  cone  with  the  ball-loading  method.  Furthermore,  rel¬ 
ative  interfacial  motion  was  undesirable  due  to  potential  surface  damage. 
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To  achieve  the  desired  axial  coincidence  between  conical  and  spherical 
poppets  and  seats  with  minimum  sliding  contact,  the  three  piston  "feet" 
were  coated  hdth  a  thin  film  of  low-viscosity,  E.P.  oil  on  which  the 
poppet  rested.  As  the  screw  thread  was  advanced,  the  poppet  entered  the 
seat  and,  sliding  on  the  oil  film,  was  radially  and  axially  aligned.  For 
static  testing,  the  poppet  was  completely  ungnided  except  for  the  seat, 
but  cycle  tests  necessitated  clamping  as  with  the  flat  models  using  a 
special  procedure. 

Position , parallelism,  and  cleanliness  integrity  of  a  model  installed  in 
the  clamped  condition  was  indicated  by  leakage  at  electrical  contact.  The 
best  flat  model  match  achieved  during  the  test  program  was  an  equivalent 
parallel  plate  gap  of  11  to  12  microinches  (Model  M^).  More  common  equiv¬ 
alent  gaps  ranged  up  to  25  microinches  for  the  better  (lapped)  models. 
Except  for  those  models  with  known  surface  deviations  commensurate  with 
such  results,  indication  of  equivalent  parallel  plate  gap  in  excess  of 
25  microinches  was  cause  for  disassembly  and  recleaning. 

Even  with  these  precautions,  most  models  exhibited  a  relatively  fast 
closure  rate  at  initial  low  loads  which,  with  the  exception  of  circular 
lay  or  rapidly  changing  contact  land  width  models,  indicated: 

1.  An  out-of-parallel  condition  (primarily  clamped  models) 

2.  Contamination  (possible  on  both  clamped  or  ball-loaded  models 
though  minimized  by  rigid  cleaning  procedures 

3.  The  probability  of  random  surface  nodules,  and  tbe  relative 
difficulty  of  producing  a  perfectly  uniform  surface.  This  effect 
would  be  most  noticahle  on  ball-loaded  models  where  electrical 
contact  tests  were  not  possible  but  parallelism  effects  are 
virtually  negligible. 

Unless  otherwise  specified  in  the  test  section,  all  unidirectional  lay 
models  were  tested  m th  the  lay  approximately  90  degrees  opposed.  Cir¬ 
cular  lay  models  were  installed  with  guide  diameters  eccentric  a  maximum 
of  0.0008  inch.  The  individual  poppet  and  seat  lay  could  have  an  addition¬ 
ally  eccentricity  of  about  O.OOO6  inch  due  to  fabrication  (lathe)  setup 
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tolerance.  The  probable  net  poppet  to  seat  lay  eccentricity,  hovever, 
vas  more  likely  something  less  than  0.001  inch. 


Model  Test  Procedures 


As  with  any  responsible  test  effort,  generation,  and  acquisition  of  re¬ 
peatable,  valid  data  requires  adherence  to  certain  methods  and  procedures 
vhich  generally  evolve  through  n  learning  period.  The  following  procedures 
reflect  such  a  learning  period  and  represent  practices  followed  for  the 
majority  of  the  test  effort.  The  rules,  however,  are  not  inflexible  and 
specific  deviations  to  general  practice  have  occurred.  These  deviations 
are  noted  under  the  applicable  test  model  section. 


Near-Seated  Tests „  The  basic  problem  in  this  test  series  vas  to  establish 
a  datum  or  zero  height  point.  The-, leakage  at  electrical  contact  provided 
this  datum.  Once  correlated  with  the  roughness  and  other  geometrical 
parameters  of  the  tests,  it  established  a  repeatable  starting  point  for 
all  tests.  The  value  of  this  datum  is  apparent  when  it  is  considered 
that  electrical  contact  is  a  no-load  condition.  If  an  electrical  contact 
can  be  obtained  at  a  level  commensurate  with  the  surface  roughness  profile 
being  tested,  it  is  reasonably  assured  that  what  is  being  tested  is  the 
profile  and  not  some  other  variable  such  as  a  ridge,  nodule  or  other  pro¬ 
tuberance,  out-of-parallel  face,  or  contaminant. 

After  a  reasonable  datum  or  electric  contact  leakage  had  been  established, 
off-seat  flow  tests  were  performed.  For  these  tests,  the  inlet  pressure 
was  measured  directly  adjacent  to  the  seat  interfaces  from  a  l/32-inch 
drill  hole  pressure  tap  provided  in  the  seat  (Fig„  6o).  Position  control 
was  maintained  by  the  micrometer  screw  which  also  provided  the  necessary 
position  reference. 

IVo  critical  problems  encountered  in  the  flow  tests  were  the  dependence 
of  positional  accuracy  at  low  gaps  on  inlet  pressure  and  at  large  gaps 
on  temperature.  Because  the  micrometer  screw  required  a  precision  ball 
joint  for  loading,  the  variable  deformation  of  the  joint  contact  affected 
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the  flow  gcip  as  a  function  of  inlet  pressure  changes.  Calibration  of  the 
screw  between  30-  and  1000-psig  inlet  pressures  showed  it  to  he  precise  and 
repeatable;  however,  at  gaps  below  0.0001  inch,  the  inlet  pressure  had  to 
be  maintained  within  1.0  psi  to  keep  system  loads  and,  thus  position, 
essentially  constant. 

The  second  problem  was  caused  by  shrinkage  of  the  poppet  and  seat  inter¬ 
faces  because  of  temperature  drops  at  high  flowrates  (nozzle  regime )„ 

This  required  establishing  a  reference  micrometer  zero  at  electrical  con¬ 
tact  (with  proper  leakage)  and  rapidly  obtaining  a  stabilized  high  flow 
reading. 

In  all  cases,  the  correlation  of  leakage  with  the  electrical  contact  pro¬ 
vided  a  ready  reference  from  which  to  collect  the  off-seat  flow  data, 
and  the  precision  of  the  flow  curves  presented  later  is  attributed  to 
this  reliable  reference. 

The  pressure  profile  across  the  seat  was  measured  by  nine  pressure  taps 
located  in  the  seat  (Fig.  6o).  After  determining  that  the  profile  did 
not  vaiy  around  the  seating  diameter,  only  three  radial  taps  were  used. 
Initially,  there  was  a  problem  with  slow  pressure  rise  time  in  the  gage 
system.  Headings  below  a  100-microinch  seat  spacing  required  more  than 
15  minutes  to  stabilize.  This  problem  was  partially  allevaited  by  fill¬ 
ing  the  gage  and  line  with  water  which  allowed  readings  to  be  obtained 
at  50  microinches  off-seat  within  a  5-minute  stabilization  period. 


On-Seat  (Stress-Leakage)  Tests.  These  tests  comprised  the  bulk  of  the 
experimental  effort  and  illustrate  the  relationship  of  leakage  with  in¬ 
creasing  and  decreasing  load  loops  (or  cycles)  for  variations  of  model 
surface  texture  and  geometiy.  As  used  herein,  a  stress-leakage  test  is 
defined  as  one  or  more  load  loops  obtained  without  seating  surface  sep¬ 
aration.  Two  classes  of  stress-leakage  tests  were  performed: 

1„  The  initial  test  of  a  new  model  (one  with  poppet  and  seat  sur¬ 
faces  having  no  former  loading  histoiy  or  the  combination  of  a 
poppet  and  seat  not  previously  tested  together).  This  test 
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always  conducted  in  the  static  tester  and  involved  special  care 
to  obtain  first  load-cycle  data  and  sufficient  data  points  to  de¬ 
fine  adequately  the  model  characteristic.  Additional  load-cycles 
were  generally  performed  to  verify  data  repeatability. 

2.  A  comparison  test  to  verify  establishment  of  or  return  to  a  pre¬ 
vious  test  characteristic  after  seating  surfaces  were  separated. 
This  type  of  test,  performed  in  both  static  and  cycle  testers, 
involved  a  lesser  number  of  data  points  with  no  special  concern 
for  first  cycle  data.  By  definition  it  consisted  of  all  tests 
subsequent  to  the  initial  test. 


Initial  Tests,  blien  possible  (clamped  position  or  conical  and  spher¬ 
ical  tests),  the  electrical  contact  check  was  performed  first  to  verify 
geometric  and  cleanliness  integrity.  Pressures  were  then  raised  to  the 
desired  operating  level.  To  ensure  acquisition  of  first  cycle  data,  the 
model  interfaces  were  kept  separated  during  this  operation  by  maintaining 
an  inlet  pressure-piston  control  pressure  force  imbalance  and  assuming 
hand  control  (screw  thread)  of  piston  position.  Simultaneously  monitored 
leakage  was  held  at  a  level  commensurate  with  some  positive  poppet-seat 
gap  during  this  process.  bTien  the  desired  inlet  pressure  level  was 
attained,  additional  control  pressure  was  slowly  applied  and  the  balance 
point  noted  as  pi'eviously  defined.  Balance  pressure  was  generally  checked 
several  times. 

Following  establishment  of  the  balance  point,  control  pressure  was  in-r 
creased  to  initiate  first  cycle  poppet-seat  loading.  The  basic  stress- 
leakage  test  consisted  of  increasing  incremental  load  changes  with  steady- 
state  leakage  measurement  at  each  load  level  until  a  maximum  stress  was 
reached.  A  return  (decreasing  load)  series  of  data  points  was  then  taken 
until  the  load  approached  the  balance  point.  A  second  (or  more)  stress- 
leakage  loop  (or  cycle)  was  subsequently  performed  to  verify  data  repeat¬ 
ability  and  model  elasticity. 
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If  a  plastic  deformation  characteristic  was  anticipated,  increasing  load 
cycles  were  periodically  reversed  and  return,  decreasing-load  data  points 
obtained  to  a  level  near  the  balance  point.  Subsequent  loops  to  increas¬ 
ingly  higher  maximum  stress  levels  followed. 

The  maximum  stress  level  attained  was  defined  hy:  (l)  practical  loading 
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limitations,  <100,000  psi;  (2)  leak  measurement  limitation,  ~1  x  10  scim 
or  (3)  potential  model  damage. 

An  alternate  procedure  was  employed  for  some  early  tests.  Up  to  3^0-psig 
inlet  pressure,  screw  thread  friction  load  was  low  enough  to  prerait  hand 
control  of  poppet  position  without  the  supplemental  application  of  control 
pressure  (P^)-  Consequently,  some  models  were  tested  first  at  3OO 
until  a  control  pressure  in  excess  of  the  anticipated  lOOO-psig  balance 
pressure  was  reached.  After  completing  the  decreasing  stress  loop,  P^ 
was  raised  to  the  previously  attained  level,  inlet  pressure  increased  to 
1000  psig,  and  testing  commenced  again.  In  this  manner,  first  cycle  data 
was  obtained  while  avoiding  the  tedious  juggling  of  inlet  and  control 
pressures . 


Comparison  Tests.  As  first  cycle  data  was  not  necessary,  control 
pressure  was  increased  to  a  level  slightly  above  the  balance  point.  Inlet 
pressure  was  then  raised  and  control  pressure  reduced  to  measure  balance 
pressure . 

These  tests,  as  performed  in  the  cycle  tester  deviated  somewhat  from 
static  tester  procedures.  Although  dashpot  O-ring  friction  change  during 
a  given  stress-leakage  tests  was  minimal,  it  did  vary  significantly  with 
cycles.  Consequently,  balance  pressure  was  measured  prior  to  each  stress- 
leakage  test. 

It  was  noted  that  when  control  pressure  exceeded  dashpot  pressure  for 
any  length  of  time,  as  occured  during  stress-leakage  tests,  gas  leakage 
into  the  dashpot  followed  with  subsequent  damping  changes.  To  obviate 
this  problem,  the  dashpot  reservoir  piston  was  additionally  loaded  to 
increase  internal  pressure.  This  was  accomplished  by  threading  in  the 


adjustment  screw  to  override  spring  load  and  bottom  on  the  piston.  Be¬ 
cause  the  dashpot  cap  wall  and  bottom  were  thin  enough  to  deform,  the 
loading  screw  could  be  advanced  several  turns  with  relatively  low  torque „ 
The  amount  of  piston  displacement  (screw  thread  advancement)  required  to 
establish  internal  pressure  in  excess  of  specific  control  pressure  values 
was  calculated  and  such  change  made  prior  to  each  new  control  pressure 
setting.  This  additional  dashpot  adjustment  was  required  when  control 
pressure  exceeded  I90  psig. 


Cycle  Tests.  As  previously  noted,  flat  models  were  installed  at  about 
100  pounds  preload  in  the  tester  parallel  within  10  microinches  over  the 
1/2  inch  seat  diameter.  Conical  and  spherical  model  seating  surfaces 
were  lightly  loaded  for  orientation  and  the  poppets  clamped  in  position 
while  loaded.  Verification  of  best  possible  installation  position  and/or 
contamination  was  determined  by  electrical  contact  test.  Following  these 
checks,  a  stress-leakage  test  was  performed  for  comparison  with  previously 
obtained  static  tester  data.  Cycle  testing  was  not  begun  until  favorable 
electrical  contact  and  stress-leakage  correlation  was  obtained.  Additional 
preparatory  operations  included  adjustment  of  piston  stroke  and  calibra¬ 
tion  of  load  cells  and  position  transducer. 

Cycle  tests  were  performed  at  three  nominal  peak  impact  stress  levels  of 
30,000,  92,000,  and  159,000  psi,  corresponding  to  nominal  impact  velocities 
of  7.6,  24,  and  35  in. /sec,  respectively.  For  the  majority  of  these  tests, 
a  soleaoid  valve,  actuated  by  an  electronically  controlled  cycler-counter 
with  manual  override,  was  used  to  apply  piston  control  pressure;  piston 
stroke  was  set  at  0.10  inch.  Cycle  rate  was  established  at  60  cpm  with 
approximately  equal  on-off  periods. 

To  avoid  changing  control  pressure  during  test  and  preclude  leakage  into 
the  dashpot,  cycle  control  pressure  was  established  at  the  spot  leak-test- 
pressure  (169  psi  for  flat  models  or  approximately  20  psig  less  than  min¬ 
imum  dashpot  static  pressure).  Impact  velocity  was  then  varied  by  adjust¬ 
ment  of  the  dashpot  orifice,  klien  a  succeeding  model  was  to  be  tested 
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at  a  lower  impact  stress,  piston  velocity  w'as  readjusted  to  this  level 
prior  to  removal  of  the  previously  tested  model.  In  this  manner,  over¬ 
stressing  was  avoided  and  only  minor  dashpot  orifice  adjustment  was  neces- 
ary  wdien  the  succeeding  model  was  prepared  for  test.  If  the  following 
test  w'as  to  he  at  a  higher  stress  level,  necessary  velocity  adjustment 
w’as  accomplished  on  the  high  stress  model.  To  eliminate  external  con¬ 
tamination,  inlet  pressure  w'as  orificed  (No.  80  drill  hole)  to  provide  a 
nominal  100-scim  bleed  during  cycling.  With  this  low  flow%  inlet  pressure 
at  impact  was  essentially  zero. 

Spot  leak  checks  were  periodically  performed  during  a  cycle  test  at  the  cycle 
control  pressure  with  an  inlet  pressure  of  1000  psig,  which  yielded  a  static 
seat  stress  level  between  2000  and  3000  psi.  This  stress  was  sufficiently 
high  to  submerge  effects  of  contamination  or  geometrical  (out-of-parallel 
or  nodule)  defects  while  fully  contacting  the  roughness  level  yet  low 
enough  (reasonable  lecikage  levels)  to  permit  relatively  fast  leak  measure¬ 
ment.  Consequently,  all  spot  leak  checks  were  performed  at  this  stress 
level  without  resetting  control  pressure. 

Although  spot  checks  were  taken  more  frequently  during  initial  tests,  ex¬ 
perience  ultimately  indicated  that  leakage  change  with  cycles  was  a  slow 
process  and  a  less  time-consuming  procedure  was  adopted.  A  typical  sequence 
of  spot  leak  checks  was  5,  200,  1000,  2000,  5000,  7500,  and  10,000  cycles. 

At  the  conclusion  of  the  cycle  test,  a  final  stress-leakage  test  w^as 
performed . 

To  permit  rapid  accumulation  of  a  large  number  of  cycles,  a  high-frequency 
cyclic  procedure  was  devised.  The  dashpot  was  disconnected  and  25-psig 
piston  control  pressure  applied.  Inlet  pressure  was  set  at  approximately 
950  psig  and,  with  the  No.  80  drill  orifice  immediately  upstream  of  the 
seat  face,  a  dynamically  unstable  condition  similar  to  a  chattering  re¬ 
lief  valve  was  established.  Poppet  stroke  w’-as  approximately  0,010-inch 
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impacting  at  nominally  214  cps„  Accumulated  cycles  vere  computed  on  a 
timed-run  basis.  Typical  high-frequency  test  leeik  check  points  vere  at 
25,000,  100,000,  and  subsequent  100,000  cycle  intervals  concluding  with 
1,000,000  cycles.  As  with  the  low-cycle  rate  methpd,  a  final  stress  leak¬ 
age  test  was  jjerformed  when  cycling  was  terminated. 


M0D.11L  D4TA  PRESENTATION 

The  presentation  of  experimental  program  data  has  been  categorized  by 
test  type  or  objective.  This  section  contains  the  detailed  description 
of  each  applicable  test  by  specific  model  designation  and  sequential  test 
number. 

Data  pertinent  to  and  generated  during  tests  are  presented  in  several 
forms.  The  primary  purpose  of  these  data  is  to  describe  the  performance 
of  a  specific  test  model  configuration  under  specific  conditions  and 
identify  the  parameters  causing  or  contributing  to  this  performance.  The 
accumulated  test,  inspection,  and  descriptive  information  forms  the 
resultant  design  data. 

A  summary  or  reference  of  fabrication  method  and  pretest  inspection  data 
initiates  each  test  model  discussion.  This  information  has  been  abstracted 
from  detail  data  presented  and  compiled  in  either  the  Model  fabrication 
and  Surface  Preparation  or  Model  Inspection  Equipment '  Procedures  and  Data 
sections.  Following  this,  additional  pertinent  inspection  or  fabrication 
details,  a  test  description  (if  significantly  differing  from  previously 
noted  procedures)  and  specific  test  data  are  presented.  Ppsttest  inspec¬ 
tion  observations  appear  lastly  with  the  discussion  and  correlation  of 
test  results  and  conclusions. 

Because  many  models  were  tested  under  multiple  test  categories  without 
metal  surface  texture  change,  some  cross-referencing  of  inspection  and 
performance  data  and  descriptive  redundancy  has  been  unavoidable. 
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Except  for  the  near-seated  and  leakage  comparison  experiments,  all  test 
data  are  presented  as  apparent  seat  stress  vs  leakage  characteristic  curves 
Actual  test  data  points  are  sho™,  and  the  interconnecting  curves  represent 
a  hest-fit  plot  of  this  information;  no  averaging  procedures  were  employed. 
Arrows  on  the  stress-leakage  carves  indicate  the  direction  of  recorded 
data  (increasing  or  decreasing  stress  levels)  similar  to  hysteresis  loops„ 
Unless  otherwise  specified,  the  circles,  triangles,  squares,  and  X's  rep¬ 
resent,  respectively,  first,  second,  third,  and  fourth  cycles  of  increasing 
decreasing  load.  (Except  when  noted  hy  test  number  change,  sealing  sur¬ 
faces  were  not  separated  between  loading  cycles.) 


It  will  he  noted  in  the  inspection  data  compilation  (Table  4)  that  model 
seating  land  contact  geometry  varied  considerably.  Conditions  ranging 
from  uniform,  well-defined  flat  land  areas  to  combinations  of  differential 
angles,  crowning  and  gross  duboff  were  encountered.  Accordingly,  alternate 
methods  of  computing  seat  stress  data  points  were  employed. 


When  a  flat  land  width  could  be  defined  (as  described  in  moiel  inspection 

procedures)  the  projected  seating  area  (A  )  was  computed  using  this 

sp 

land  width.  For  models  of  load  variable  land  geometry  the  total  land 
width  was  used  in  presentation  of  apparent  stress  data  on  a  comparative 
load  basis.  A  supplemental  Hertz  contact  average  stress  curve  based  upon 
actual  contact  land  width  is  also  presented  for  crowned  models;  this 
stress  is  comparable  to  apparent  stress  (s)  where  a  flat  land  Ai^idth 

is  defined. 


In  the  case  of  conical  models,  combined  land  geometrj^  involving  taper, 
crowning,  duboff,  and  various  degrees  of  out-of-roundness  preclude  a  mean¬ 
ingful  stress  comparison.  Apparent  stress  for  these  models  is  presented 
on  the  basis  of  total  projected  land  width.  In  reviewing  these  models, 
the  indication  of  higher  contact  stress  should  be  considered. 
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In  general,  repeatal)le  stress-leakage  curve  hysteresis  effects  (when  in¬ 
creasing  and  decreasing  load  low-stress  leakage  values  are  approximately 
the  same)  are  attributed  to  internal  material  hysteresis  and  interfacial 
microslip  friction  ^vith  little  plastic  deformation.  Gross  plastic  de¬ 
formation  is  evidenced  by  failure  of  the  return  load  cycle  to  return  to 
the  initial  low-stress  value  on  each  of  successively  higher  load  loops. 
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NEAR-SEATED  TESTS 


Parametric  test  data  vere  obtained  for  comparison  with  theoretically  pre¬ 
dicted  flow  and  force  balance  characteristics  of  parallel  plate  poppet  and 
seat  models.  These  investigations  included  leakage  measurement  of  nitrogen, 
helium,  and  argon  gases  for  the  nozzle,  turbulent  channel,  laminar,  and 
transition-molecular  regimes  of  flov.  For  force-balance  analysis,  the  pres¬ 
sure  profile  was  determine  in  the  nozzle,  turbulent  channel,  and  laminar 
flow  regimes. 

Flow'  and  pressure-distribution  tests  were  performed  using  the  flat  poppet 
and  1-inch  seat  configuration  of  Test  Model  A.  Land  dimensions  for  this 
model  are  nearly  identical  with  those  used  for  the  sample  calculation  in 
the  Leakage  Flow  Analysis  section.  Interpreted  surface  texture  and  land 
dimensions  for  Model  A  are  presented  in  Table  4.  The  multidirectionally 
lapped  texture  of  the  seat  is  illustrated  in  Fig.  105.  Seat  corner  con¬ 
ditions  along  with  a  typical  pressure  tap  used  in  pressure  distribution 
tests  are  shown  in  the  microinterference  photo  (Fig.  106).  The  diamond- 
lapped  and  polished-poppet  surface  texture  is  shown  in  Fig.  107.  These 
surfaces,  having  a  combined  average  PTV  rouglmess  of  less  than  10  micro¬ 
inches,  are  thus  suitable  for  correlation  tests  down  to  the  electrical 
contact  leakage  nominal  (hp)  value  of  20  microinches. 


NEAR-SFATED  FLOW  TESTS 

—1  4 

Leakage  flow  from  10  to  10  scim  was  measured  for  poppet  stroke  (h  ) 
ranging  fx’ora  approximately  20  microinches  to  0.006  inch.  Data  w'ere 
obtained  at  30-,  100-,  500-,  and  1000-psig  inlet  pressure  levels  with 
nitrogen  and,  for  comparison,  tests  were  also  performed  at  100  psig  with 
helium  and  argon  gases.  All  test  results  w'ere  corrected  to  standard  con¬ 
ditions  of  14.7  psia  and  70  F. 

The  correlation  of  test  and  theoretical  data  is  shown  in  Fig.  381  through 
389  by  an  overlay  of  test  data  points  on  computed  curves.  Data  for  prep¬ 
aration  of  these  curves  were  presented  in  the  noted  sample  calculation. 
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Gas  properties  assumed  are  tabulated  below;  hydrogen  gas  has  been  included 
for  correlation  use  in  the  next  section.  As  gas  viscosities  do  not  change 
appreciably  with  pressure,  the  values  shown  are  based  upon  70  T  ^nd  500  psia 
which  is  the  average  for  the  1000-psig  inlet  pressure  test  condition  used 
predominantly  in  the  test  program. 


Gas 

K 

R,  in./R 

/i,  Ib-min/in. 

Figure  Number 

Nitrogen 

1.4 

663 

4.40  X  10“^^ 

3S1,  382,  and  383 

Helium 

1.66 

4630 

4.70  X  10“^^ 

384  and  385 

Argon 

1.67 

464 

5.66  X  10“^^ 

386  and  387 

Hydrogen 

1.4 

9210 

2.15  X  10~^^ 

388  and  389 

To  minimize  confusion,  the  theoretical  curves,  computed  from  the  equations 
outlined  in  the  Leakage  Flow  Analysis  section,  are  continuously  plotted 
while  the  actual  test  data  points  are  represented  by  sjuabols  .  Because 
the  theoretical  trend  of  the  nozzle  to  the  laminar  transition  (turbulent 
channel  regime)  is  sufficiently  shown  by  the  30-  and  100-psig  data  of 
Fig.  381,  these  curves  were  not  computed  for  the  300-  and  1000-psig 
nitrogen  tests  nor  for  the  other  gases. 

The  reference  used  in  all  of  the  flow  data  is  the  point  where  electrical 
contact  occurs.  This  position  represents  approximately  20  microinches 
height  when  equated  to  flow  between  two  flat  plates.  The  physical  deter¬ 
mination  of  this  point  in  the  test  setup  involves  some  error.  Based  on 
comparative  measurement  with  the  Merz  (and  other  instruments),  it  was 
determined  that  the  micrometer  adjustment  for  position  is  sensitive  to 
approximately  -2  microinches.  In  addition  to  this,  there  is  a  possible 
error  because  of  an  out-of-parallel  condition  between  the  poppet  and  seat; 
however,  experiments  have  sho™  that  this  error  can  be  controlled  to  less 
than  10  microinches.  Contamination  can  also  introduce  error  into  the 
evaluation  of  electrical  contact.  Contamination  is  an  elusive  variable 
which  is  relatively  easy  to  detect  but  extremely  difficiLlt  to  accurately 
evaluate.  Generally,  the  test  setup  was  torn  down  and  the  poppet  and 
seat  cleaned  (or  refinished)  when  contamination  was  detected.  In  summary, 
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ARGON  FLOW,  SCIM 
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Figure  386.  Argon  Flow  Data,  Part  1 
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ARGON  FLOW,  SCIM 
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Figure  387.  Argon  Flow  Data,  Part  2 
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HYDROGEN  FLOW,  SCIM 
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it  appears  that  the  point  of  electrical  contact  could  vary  by  as  much  as 
10  microinches.  An  examination  of  the  test  data  showed  a  range  from  20 
to  27  microinches.  These  data  points  were  determined  hy  placing  the  flow 
at  electrical  contact  on  the  theoretical  flow  curve  to  establish  the 
smooth  plate  height  (h^)- 


Except  for  the  reference  point  of  electrical  contact,  the  experimental 
and  theoretical  flow  data  are  plotted  independent  of  ea,ch  other.  ¥ithin 
the  3-percent  plot  and  test  accuracy  there  is  a  high  degree  of  correlation 
between  experimental  and  theoretical  data  through  several  orders  of  mag¬ 
nitude  of  flow.  The  correlation  was  found  throughout  the  pressure  range 
and  gas  media  investigated.  The  flow  regimes  covered  include  nozzle, 
turbulent  channel,  laminar,  and  approaching  the  region  of  molecular  flow. 

(a  detail  examination  of  these  flow  regimes  appears  in  the  Leakage  Flow 
Analysis  section  where  a  specific  example,  illustrating  how  each  flow 
regime  blends  into  the  next  to  build  the  overall  flow-leakage  character¬ 
istic  curve,  is  presented.)  Some  data  scatter  resulted  at  the  high- 
pressure  conditions  (3OO  and  1000  psig)  because  of  the  difficulty  in  con¬ 
trolling  poppet  position  with  the  micrometer  head  at  these  higher  pressures 
and  resultant  loads.  In  the  1000-psig  condition,  control  pressure  was 
necessary  to  enable  the  adjustment  of  the  micrometer.  Consequently,  no 
electrical  contact  point  was  established  because  of  the  difficulty  in  main¬ 
taining  a  sufficiently  precise  load  balance. 


If  the  near-seated  test  data  are  examined  for  the  significant  flow  char¬ 
acteristic,  laminar  flow  is  selected  as  being  the  most  representative 
regime.  Wlien  the  laminar  flow  curves  are  compared  for  each  of  the  three 
gases,  the  flow  does  not  vary  by  more  than  JO  percent  for  any  given  height 
(hp).  This  is  verified  by  the  laminar  equation  for  volumetric  flow  which 
shows  that  flow  is  a  fmiction  of  viscosity  only.  (Viscosity  for  the  com¬ 
mon  gases  varies  by,  at  most,  2:1  for  any  given  pressure  and  temperature.) 
The  significance  of  this  observation  is  that  if  leakage  data  are  known  for 
one  particular  gas,  it  will  serve  as  an  estimate  for  most  any  other  gas  of 
interest.  As  the  predominant  characteristic  for  system  leakages  is  laminar 
flow,  the  rate  of  change  of  bottle  storage  pressure  will  be  a  function  of 
gas  viscosity  and  thus  essentially  the  same  for  most  gases. 
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SEAT  LAM)  PRESSLTIE  DISTEIBUTION 


Evaluation  of  the  gas  pressure  profile  across  the  seating  land  was  per¬ 
formed  using  the  same  poppet  and  1-inch  seat  of  Test  Model  A.  The  seat 
of  this  model  was  provided  with  three  series  of  three  pressure  taps 
located  across  the  land  face  (see  Fig.  60).  Data  were  obtained  for  nitro¬ 
gen  supply  pressures  of  30,  100,  300,  and  1000  psig  with  the  stroke 
varied  so  that  laminar,  tui'hulent  channel  and  nozzle  flow  regimes  were 
covered.  In  addition,  laminar  regime  data  at  100  psig  were  taken  with 
helium  and  argon. 

Figure  390  shows  pressure  distribution  across  the  test  seat  land  in  the 
laminar  regime  for  various  inlet  pressure  conditions.  The  pressure  param¬ 
eter  is  presented  in  nondimensional  form  so  that  the  various  levels  can 
be  compared  on  a  common  basis.  Actual  data  points  are  represented  by 
symbols,  and  the  theoretical  curves  are  continuously  plotted,  terminating 
at  various  pressure  levels  as  a  function  of  the  back  pressure-inlet  pressure 
relationship.  In  general,  the  test  data  closely  correlate  with  the  theo¬ 
retical.  Vithin  the  accuracy  of  measurements,  helium  and  argon  test  data 
at  100  psig  were  identical  to  the  nitrogen,  indicating  that  the  pressure 
distribution  characteristic  is  not  a  function  of  the  particular  gas 
involved  for  the  laminar  regime. 

Figure  391  shows  pressure  distribution  across  the  seat  land  for  various 
poppet-seat  heights.  The  range  of  heights  was  selected  to  cover  the  noz¬ 
zle,  turbulent  channel,  and  well  into  the  laminar  flow  regime.  It  can 
be  seen  from  the  curves  that  height  has  a  definite  effect  on  the  shape 
of  the  pressure  distribution  profile.  The  50-  and  100-microinch  data, 
being  in  the  laminar  flow  regime,  are  identical  and  follow  the  parabolic 
laminar  curve  very  closely.  However,  at  heights  above  this  point,  the 
profile  gradually  changes  with  increasing  height  until  it  approaches  that 
of  a  nozzle  at  h^  =  2500  microinches.  Because  pressure  taps  could  not  be 
located  at  the  entrance  and  exit  of  the  land,  these  points  were  computed. 
Entrance  conditions  were  computed  on  the  basis  of  isentropic  gas  flow. 

The  dashed  lines  on  the  graph  represent  a  best-fit  curve  of  the  data 
points  indicated. 
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Figure  390.  Laminer  Pressure  Distribution  at  Various  Pressure  Levels 
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Figure  391.  Pressure  Distribution  at  Various  Poppet-Seat  Heights 


The  theory  and  test  data  correlation  in  the  turbulent  channel  regime  is 
shown  in  Fig.  391  for  the  500-microinch  height.  Reasonable  agreement  was 
obtained.  As  the  height  was  increased  from  500  microinches,  inlet  con¬ 
ditions  increasingly  influence  the  pressure  profile.  Because  of  this  and 
attendant  analytical  complexities,  correlation  analysis  of  the  1000-  and 
2500-microinch  height  was  not  attempted. 

Because  the  pressure  profile  varies  as  a  function  of  stroke,  it  will 
cause  the  effective  seating  diameter  to  vary  also.  For  example,  the 
effective  diameter  for  the  laminar  regime  is  located  at  2/3  across  the 
land  width  in  the  direction  of  6’,^).  However,  as  stroke  increases  such 
that  flow  is  in  the  turbulent  channel  regime,  the  effective  diameter 
decreases.  When  stroke  becomes  even  greater  so  that  flow  is  in  the  nozzle 
regime,  the  effective  diameter  is  very  near  the  land  midpoint.  Of  poten¬ 
tially  more  drastic  influence  on  the  location  of  the  effective  diameter 
is  the  effect  of  land  taper.  Near  contact  the  effective  diameter  may  be 
located  at  ID  or  OD  depending  upon  taper  direction  and  subsequent  increases 
in  stroke  w'ill  cause  rapid  changes.  These  variations  in  effective  diameter 
are  a  contributory  cause  of  valve  instability  in  the  near-seated  position, 
particularly  for  valves  having  a  relatively  wide  seat  land. 


FORCE-BiVLANCE  CORRELATION 


The  effective  seating  area  as  determined  by  the  pressure  distribution  pro¬ 
file  analysis  was  checked  during  the  initial  contract  effort  by  load  cells 
and  pressure  force-balance  measurements.  These  data  were  taken  with  the 
identical  1-inch  poppet  and  scat  used  in  the  pressure  distribution  tests. 
The  force-balance  tests  were  performed  by  lifting  the  piston  assembly 
with  inlet  pressure  (Pj )  vhile  controlling  the  piston  position  at  elec¬ 
trical  contact  with  control  pressure  (P^, )  •  Knowing  the  control  piston 
area  and  weight  of  the  piston  assembly  (w),  the  effective  seat  area  (A^ ) 
is  compared  using  the  following  equation  (for  static  tester  upright): 


i.767  P  +  W 

c 
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For  the  load  cells,  the  following  simple  relationship  was  used  for  effec¬ 
tive  area  and  total  load  cell  force  (F).  The  weight  term  in  the  equation 
is  the  weight  of  the  test  poppet  and  ring  clamp  assembly  only. 


A 

e 


F  +  W 


P 


1 


Baaed  on  the  theoretical  pressure  profile  for  laminar  flow  (P^  negligible), 
the  effective  area  is  computed  as: 


A  =  (D  +  1/3  L)^ 

e  4  '  s  '  ' 


The  following  table  shows  the  computed  effective  area  for  the  three  test 

methods.  All  information  was  taken  in  the  laminar  flow  regime 

(h  <  0.0002  inch). 

P 


2 

Computed  Effective  Area,  in. 


Force-Balance 

Load 

Cells 

Pressure  Profile 

0.720 

0.705 

0.724 

The  various  methods  correlate  within  2.8  percent  which  is  reasonable  in 
view  of  load  cell  resolution  and  the  various  gage  and  reading  errors. 
However,  considering  the  measurement  variables  involved,  the  pressure 
force-balance  method  is  considerably  more  accurate  and  agrees  very  closely 
with  the  pressure  profile  analysis. 

Additional  verification  of  laminar  flow  effective  area  analysis  was 
obtained  from  follow-on  contract  balance  pressure  test  results.  For  all 
flat,  conical,  and  spherical  models  having  uniform,  well-defined  seat 
lands,  the  effective  area  was  calculated  as  above  from  inspected  dimen¬ 
sions.  Using  the  force-balance  equations  given  in  the  Experimental  Test 
Program  section  (Load  Measurement),  balance  pressures  were  computed  for 
comparison  with  test  results.  Calculated  and  test  values  agreed  within 
less  than  1  percent. 


423 


LEAKAGE  COMPARISON  TESTS 


A  series  of  tests  was  performed  directly  comparing  the  leakage  rates  of 
nitrogen,  helium,  and  hydrogen  gases  at  70  F.  Test  Model  (described 
later)  provided  a  repeatable  and  stable  leak  for  the  tests.  The  test 
method  consisted  of  performing  repeated  nitrogen  leak  tests  (to  atmosphere) 
at  an  inlet  pressure  of  1000  psig  and  98^i0-psi  seat  stress.  Between  each 
test,  pressures  were  reduced  to  zero  and  the  poppet  and  seat  separated. 
Seven  such  tests  indicated  a  leak  repeatability  within  2  percent.  The 
inlet  system  was  then  replumbed  w'ith  helium,  purged,  and  the  model  leak¬ 
age  obtained  exactly  as  with  nitrogen.  The  same  procedure  was  followed 
using  hydrogen  gas,  and  then,  as  final  proof  of  leak  repeatability,  with 
nitrogen.  As  before,  the  nitrogen  leak  repeated  within  2  percent. 

An  additional  comparison  was  made  hetw'een  nitrogen  and  hydrogen  gases  at 
low  pressure  (30  psig).  The  poppet  and  seat  were  manually  controlled  at 
a  nominal  gap  of  0.00011  inch,  and  leak  values  obtained  as  above. 

The  1000-psig  nitrogen  and  hydrogen  leakage  data  points  above  are  plotted 
in  Fig.  382  and  389  as  a  circled  cross.  For  a  more  exact  comparison, 
values  of  flow  have  been  computed  for  the  actual  model  geometry  and  gas 
parfuneters .  As  a  computational  starting  point,  the  smooth  plate  gap  (^ip) 
was  calculated  based  upon  the  nitrogen  test  leakage.  The  applicability 
of  the  flow  equations  was  established  by  correlation  of  h  with  the  test 

p 

model  PTV  roughness  level  and  Reynolds  number.  This  gap  was  then  used 
to  compute  the  leakage  for  the  other  gases.  Gas  viscosities  are  essenti¬ 
ally  the  same  for  the  30-  and  1000-psig  conditions  except  for  nitrogen 

—1 1  2 

where  a  viscosity  of  4.3  x  10  Ib.^nin/in.  was  used  for  the  30-psig 
calculation.  Theoretical  and  experimental  data  are  presented  for  compari¬ 
son  in  Table  5-  Flow  ratios  computed  from  data  in  Table  5  are  shown  in 
Table  6. 

The  close  correlation  between  theory  and  experiment  indicated  by  Tables  5 
and  6  provide  additional  verification  of  the  flow  equations.  The  appli¬ 
cability  of  the  molecular  component  of  flow  is  open  to  question,  however, 
as  the  point  of  transition  for  the  real  model  (B^)  is  unknown. 
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TABLE  5 


COMPARISON  OF  CALCULATED  AND  TEST  LEAKAGE  DATA  FOR  NITROGEN,  HELIUM,  AND  KTOROGEN  GASES 


Gas 

Inlet 
Pressure , 

Pi,  psig 

Calculated 

Gap, 

h  ,  in,xlO° 

_ J . 

Reynolds 

Number, 

Re 

Calculated  Leakage 

1 

,  scim 

Test 
Leakage , 
scim 

^M 

Q 

1000 

6 . 50 

0.935 

0.106 

0.905 

1.01 

0.105 

1.01 

He 

1000 

6 .50 

0.132 

0.281 

0 . 848 

1.13 

0.250 

1.06 

1000 

6.50 

0.300 

0.395 

1.85 

2.25 

0.175 

2.20 

Np 

30 

114. 

8.99 

0.98 

8.74 

9.72 

0.101 

9.70 

30 

114 . 

2.76 

3.68 

17.5 

21 .2 

0.174 

20.4 

TiVBLE  6 

COMPARISON  OF  CALCULATED  AND  TEST  LEAKAGE  RATIOS  FOR  NITROGEN,  HELIUM,  AND  HYDROGEN  GASES 


Pressure . 

psig 

Gas 

Ratio 

Calculated  Leak 

Rati  os 

Test 

Leak 

Ratio 

q/q 

1000 

Ng/He 

0.377 

1.07 

0.893 

0.953 

1000 

3.72 

2.04 

2.22 

2.18 

1000 

Hg/He 

1.41 

2.18 

1.99 

2.08 

30 

H^/Np 

3.72 

2.00 

2.18 

_ 

2.10 

iv4’ 


Work  carried  out  by  the  General  Electric  Co.  in  investigation  of  super- 

finished  metallic  surfaces  for  sealing  (Ref.  40)  indicated  that,  for  two 

optically  polished,  flat,  annular -raised  surfaces  pressed  together,  the 

transition  from  laminar  to  molecular  flow  occurred  rather  sharply  between 
—4  —6 

10  and  10  scim.  These  results  were  obtained  for  a  constant  seal  load 
with  inlet  pressures  between  500  and  1500  psig  and  discharge  to  a  mass 
spectrometer  for  measuring  leakage.  The  transition  indication  was  pro¬ 
vided  by  leak  rate  slope  change  from  one  (molecular)  to  two  (laminar)  on 
a  leakage  vs  inlet  pressure  plot. 

A  possible  explanation  for  the  low  transition  may  be  that  the  leakage 
path  of  the  General  Electric  specimens  was  not  a  parallel  plate  or  even 
equivalent  (sinusoidal)  parallel  plate  model  but  rather  composed  of  a 
few  troughs  or  scratches.  Because  these  leak  paths  would  be  relatively 
deeper  than  the  equivalent  height  of  the  mating  interfaces,  the  laminar 
regime  of  flow  would  be  depressed  to  low  values  of  leakage.  Furthermore, 
the  extremely  smooth  surfaces  provided  by  optical  finishing  (see  Fig.  89 
for  interference  photo  of  an  optical  flat)  with  contact  stresses  between 
4000  and  10, 000  psi  would  indicate  a  large  percentage  of  real  contact 
area  which  would  destroy  the  annular  parallel  plate  separation  model. 

The  consequence  of  a  downward  shift  in  transition  would  be  to  cause  flows 

computed  herein  to  be  high.  Considering  the  scope  of  data,  however,  this 

_3 

error  loses  significance.  For  example,  from  Fig.  383  at  1.4  x  10  scim, 

laminar  and  transitional  flow  (Q  +  Q  )  differ  by  a  factor  of  2.4.  Assum- 

Li  M 

ing  transition  at  10  scim,  the  difference  is  a  constant  factor  of  5.4 
for  the  molecular  component  and  decreases  as  the  flow  increases.  Even 
if  in  error,  the  addition  of  the  excess  molecular  component  in  consider¬ 
ing  model  leakages  provides  a  factor  of  safety  where  a  large  gap  in  very 
low  leakage  data  indicates  such  is  needed. 
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SmiFACE  TEXTURE  EVALUATION  TESTS 


These  tests  reliite  the  stress-leakage  characteristic  vith  surfaces  re¬ 
sulting  from  specific  fabrication  processes  and  materials.  The  objective 
v/as  to  define  the  fabrication  method, and  the  surfaces  produced  sufficiently 
well  to  permit  analytical  correlation  between  leakage  and  surface  texture. 

Included  in  this  section  are  model  surfaces  produced  by  turning,  grinding, 
and  lapping  procedures.  Because  of  fabrication  form  errors,  the  turned 
and  ground  model  complexities  were  such  as  to  preclude  correlation  of  test 
results.  These  models,  however,  serve  as  typical  representations  of  the 
noted  fabrication  processes  for  comparison  with  the  more  uniform  lapped 
surfaces. 

Although  not  all  were  subjected  to  each  fabrication  method,  poppet  and 
seat  materials  evaluated  were  tungsten  carbide,  440C  and  17-4  PH  stainless 
steels,  and  606l  aluminum  alloy.  Data  are  presented  by  fabrication  method 
category.  In  some  instances,  posttest  inspection  photographs  are  used 
to  illustrate  both  unchanged  before-test  surface  tcxtrire  characteristics 
and  local,  after-test,  damaged  areas.  Unless  noted  in  model  discussions, 
no  visible  damage  was  detected  during  posttest  surface  examination. 

FL4T-TUHNED  MODELS 

Four  turned  models,  two  17-4PH  stainless  steel  and  two  aluminum  versions, 
were  fabricated  to  evaluate  both  the  "rough"  and  the  best  surfaces  possible 
with  available  equipment.  For  the  stainless  models  both  poppet  and  seat 
were  turned;  the  aluminum  models  were  comprised  of  turned  seats  and  a 
lai^ped  tungsten  carbide  poppet. 

From  the  inspection  data  of  Table  4  it  will  be  noted  that  the  turned  models 
(Q^,  N^,  and  S^)  were  out-of-flat,  i.e.,  concave  or  convex  tapered. 

In  an  investigation  of  this  discrepancy,  a  flat  ("^  3  microinch)  tungsten 
carbide  poppet  was  chucked  in  the  Harding  lathe  used  and  indicated  within 
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20  tnicroinches  rtuiout.  An  indicator  set  up  on  the  cross— feed  carriage 
was  traversed  across  the  poppet's  1.5-inch  diameter,  indicating  less 
than  0.0001  inch  taper  vhich  was  compatible  with  the  Hardinge-designed 
concave  taper  of  0.0005  inch  i>er  6  inches.  Measurement  of  sample  aluminum 
surfaces  cut  on  this  lathe,  however,  revealed  that  concave,  convex,  or 
crowned  configurations  could  occur.  This  indicated  that  the  dynamics  of 
tool  pressure,  workpiece  material,  and  lathe  way  surface  variations  and 
lubrication  contributed  to  the  noted  model  tapers.  Later,  however,  it 
was  found  that  the  cross-feed  gibs  v/ere  improperly  adjusted.  After  apjiro- 
priate  corrections,  the  taper-cutting  problem  appeared  to  be  solved. 

The  turned  surfaceKS,  as  fabricated,  reTjresented  a  considerable  investment 
in  fabrication  and  inspection  time.  Furthermore,  they  exhibited  a  charac¬ 
teristic  probably  common  in  the  routine  turning  operation  but  of  dimensions 
undetectable  by  normal  inspection  methods.  Consequently,  the  models  were 
tested  as-fabricated.  Additional  testing  was  accomplished  on  a  turned 
model  in  investigating  the  eccentric  circular  lay  parameter.  This  is  des¬ 
cribed  in  the  Circular  Lay  Ecc entricity  Evaluation  section. 


Model  Q^,  16  AA  17-4PII  Poppet  and  Seat 


This  model  represents,  from  a  valve-sealing  standpoint,  a  relatively  rough 
surface.  Poppet  and  seat  lands  were  turned  from  ID  to  OD  in  the  same 
radial  direction.  Thus,  the  roughness  lay  with  sealing  surfaces  mated  was 
one  of  opposing  fine  pitch  spirals. 

Both  poppet  and  seat  were  concave  tapered  approximately  22  microinches 
over  a  0.030-inch  land  width  for  a  net  differential  seating  angle  of  about 
0.086  degree.  No  significant  cross-lay  waviness  was  noted,  but  both  parts 
had  20-microinch  PTV'",  180— degree  circumferential  waves.  The  poppet,  in 
addition,  exhibited  5-microinch  PTV'’,  11-degree,  short— period  waviness. 

As  shora  in  the  Proficorder  traces  of  Fig.  329  and  330  and  jiosttest  inter¬ 
ference  photographs  (Fig.  108  and  109),  the  turned  surface  texture  was 
remarkably  uniform  v/ith  poppet  and  seat  P'TV''  roughness  of  48  and  45 
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microinclies ,  respectively.  A  9-  to  10-microinch  hump  extending  in  approxi¬ 
mately  0,004  inch  from  the  seat  OD  was  noted.  This  land  flatness  devia¬ 
tion  is  shown  in  the  cross-land  profile  trace  of  Fig.  331  which,  in 
addition,  illustrates  the  typical  model  land  taper  condition. 

It  will  be  noted  in  the  data  compilation  of  Table  4  that,  assuming  an 
Ii/AA  ratio  of  3?  the  Profilometer  PTV  height  (O. 0001-inch  radius  tip)  for 
the  poppet  is  approximately  microinches.  This  value  is  about  12  micro¬ 
inches  less  than  interference  microscope  data  indicated.  However,  inter¬ 
ference  photos  showed  that  the  Profilometer  stylus  plastically  deformed 
the  surface  peaks  to  a  depth  of  8  to  12  microinches  which,  when  added  to 
the  indicated  reading,  yields  a  PTV  roughness  height  commensurate  with 
other  data. 

Model  stress-leakage  data  are  presented  in  Fig.  392.  (The  initial  300- 
psig  test  was  prematurely  terminated  due  to  a  test  system  failure).  It 
should  be  noted  that  the  calculated  stress  values  are  predicated  on  two 
assumptions:  (l)  that  full  land  width  contact  exists  over  the  entire 

tested  stress  range  and  (2)  that  the  pressure  profile  (hence  balance 
pressure)  remains  constant  with  load.  Neither  are  entirely  correct  be¬ 
cause  of  the  tapered  contact  condition. 

The  full  land  width  is  certainly  not  in  contact  at  low  stress  levels. 
Although  increased  contact  was  developed  at  an  elevated  stress  value,  no 
Imown  analytical  method  describing  the  deformation  characteristic  of  this 
configuration  exists.  Accordingly,  stress  was  based  on  total  flat  seat 
leind  area. 

From  the  tapered  contact  pressure  profile  analysis  (Leakage  Flow  Analysis 
section),  it  can  be  seen  that  the  seat  land  effective  pressure  area  in¬ 
creases  with  reduction  in  contact  gap.  This  tends  to  reduce  the  computed 
apparent  seat  stress  near  the  balance  point.  However,  this  change  is 
minor  compared  with  the  potential  effect  of  land  width  variation  on  cal¬ 
culated  stress  values. 
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Seat  Sresss,  psi 


Because  of  the  tapered  contact  condition  and  circular  lay,  Model  per¬ 
formance  is  difficult  to  assess.  As  evidenced  by  posttest  inspection 
data,  and  stress-leakage  results,  slight  plastic  deformation  occurred 
(as  noted  in  Fig.  108  and  109)  accounting  for  pronounced  hysteresis  effects). 

Considering  the  very  regular  (O. 00069-inch  pitch)  spiral  finish  of  Model 
it  is  probable  that  at  low  stress,  most  leakage  is  escaping  through  the 
spiral  groove.  Computing  the  effective  laminar  leakage  path  at  the  1000- 
psi  stress  level  for  3  scim  indicates  a  spiral  length  of  about  2.3  inches. 

The  resultant  land  width  establishing  leakage  is,  correspondingly,  about 
0.001  inch.  If  this  assumed  model  is  correct,  the  real  contact  stress  is 
undoubtedly  near  the  material  yield  point(200 , 000  psi). 

Assuming  a  contact  yield  condition,  about  0.00014-inch  width  of  real  con¬ 
tact  is  required  (approximately  20  percent  of  a  single  pitch)  to  support 
the  44.2-pound  load  for  lOOO-psi  apparent  stress. 


Model  Nj,  2.7  AA  17-4PH  Poppet  and  Seat 


In  contrast  with  Model  Q^,  this  model  represents  a  considerably  finer 
turned  17-4  PH  surface  although  the  seating  land  concave  taper  condition 
was  more  pronounced.  Over  a  0.030-inch  land  width,  seat  deviation  was 
60  microinches  while  the  poppet  tapered  40  microinches  for  a  net  differ¬ 
ential  seating  angle  of  approximately  0.19  degree.  As  with  Model  mating 
lay  was  one  of  opposing  fine-pitch  spirals. 

Both  poppet  and  seat  had  12-  to  14-microinch,  180-degree  circumferential 
waves  with  short  period  (~  10  degrees)  2-  to  5-microinch  PTV  Superimposed 
waviness.  A  cross  lay  waviness  deviation  on  the  order  of  5  microinches 
PTV  was  noted  on  both  parts.  Additionally,  the  seat  had  a  10-microinch 
hump  extending  in  approximately  0.002  inch  from  the  OD. 

The  surface  texture  was  not  as  uniform  as  the  rougher  Model  However, 

as  deduced  from  before  test  Proficorder  traces  (Fig.  332  and  333)  and 
interference  photographs  (Fig.  110  and  111),  a  PTV  roughness  of  approximately 
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8  microinches  was  achieved.  Profilometer  data  (O. 0001-inch  radius  tip, 
0.003-inch  cutoff  and  h/AA  =  3)  indicated  a  I’TV  value  of  about  7  micro- 
inches.  Stylus-caused  plastic  deformation  was  on  the  order  of  2  microinches; 
thus,  Profilometer  readings  correlate  well  with  other  data. 

Figure  393  presents  the  stress— leakage  results  obtained  using  the  alternate 
300-  to  1000-psig  transition  test  method.  As  with  Model  Q^,  tlie  unknown 
tapered  contact  deformation  characteristic  led  to  the  assumption  of  full 
land  contact  in  computing  seat  stress.  It  will  be  noted  that  in  both  the 
300-psig  test  and  the  first  load  cycle  of  the  1000-psig  test,  significant 
plastic  deformation  is  indicated.  The  high  closure  rats  evident  is  due 
to  this  deformation,  occasioned  by  the  relatively  severe  differential 
seating  angle.  Additionally,  the  tapered  contact  load  compliance  contin¬ 
ually  increases  the  sealing  land  width  to  reduce  leakage  even  more. 

Not  only  did  plastic  deformation  occur  at  the  seat  land  OD,  but  a  more 
severe  damage  in  the  form  of  metal  transfer  from  one  sealing  member  to 
the  other  was  evident  in  posttest  inspection,  as  illustrated  by  Fig,  112 
and  113-  It  is  probable  that  this  damage  occurred  during  the  second  1000- 
psig  test  stress  cycle  (triangles)  since,  after  return  to  the  300-psi 
stress  level,  leakage  was  more  than  10  times  that  of  the  previous  cycle. 

Significant  hysteresis  is  also  evident.  Interim  data  points  between  con¬ 
clusion  of  one  load  loop,  and  the  high  stress  start  of  the  next  wore  not 
taken  except  for  the  fourth  cycle  (x's).  The  one  applicable  interim 
leakage  point  (3000-psi  stress)  is  approximately  twice  the  corresponding 
previous  return  cycle  value,  indicating  nonplastic  hysteresis. 

Because  of  the  tapered  contact  and  relatively  severe  plastic  deformation, 
correlation  of  surface  texture  with  the  resultant  leakage  characteristic 
is  not  possible.  However,  additional  data  are  presented  later  for  a 
similarly  turned  model  which  had  less  than  10  microinches  taper  (see 
Model  NN^). 
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Model  40  AA  Aluminum  Seat  and  O.3  AA 
Tungsten  Carbide  Poppet 

In  some  valve  applications,  unanodized  aluminum  is  used  for  fluid  com- 
patability  reasons.  Because  of  aluminum's  poor  resistance  to  abrasion, 
however,  a  different  mating  material  is  employed.  For  tests  of  turned 
aluminum  models,  the  noted  tungsten  carbide  poppet  provided  the  mating 
material  and,  furthermore,  represented  the  most  perfect  surface  then 
available.  Thus,  it  appeared  that  the  sealing  characteristics  of  the 
turned  aluminum  surface  could  be  evaluated  without  mating  member  influence. 

Model  Rj  seat  roughness  precluded  assessment  of  the  surface  texture  with 
interferometric  methods  (Fig.  114).  Light-section  microscopy  inspection 
indicated  a  PTV  dimension  of  120  microinches,  estimated  accurate  to  ±20 
microinches.  The  microscopically  viewed  surface  correlated,  comparatively, 
with  that  of  a  "Caliblock"  certified  as  a  29-  to  3^-niicroinch  AA  finish. 

While  stylus  instruments  of  small  radii  (O.OOOl  to  0.0005  inch)  plow  deep 
tracks  in  unanodized  aluminum,  a  posttest  Proficorder  trace  using  a  1/32- 
inch  radius  tip  was  taken  to  evaluate  seat  taper  condition.  The  part  was 
concave  tapered  to  a  much  lesser  degree  than  previously  described  models 
with  6  microinches  over  the  0.028-inch  land  width  (0.012  degree)  noted. 

A  12-microineh  hump  over  O.OO3  inch  at  the  land  OD  was  also  observed. 

Cross  lay  waviness  was  on  the  order  of  10  microinches  Pl'V. 

An  interference  photograph  of  Model  R^  poppet  (also  used  with  Model  S^) 
is  shown  in  Fig.  115-  Combined  inspection  data  for  this  unidirectional 
lay  and  a  second,  similar  finish  but  circumferential  laj",  tungsten  carbide 
poppet  (Model  CC^) ,  indicates  both  surfaces  to  be  significantly  pitted. 

An  18-percent  density  of  approximately  2-microinch-deep  pits  was  estimated 
with  an  additional  1-percent  of  the  surface  comprised  of  4-microinch  pits. 

Model  R^  was  tested  using  the  alternate  3OO-  to  1000-psig  transition 
procedure,  as  illustrated  in  Fig.  394  and  395-  Total  land  width  contact 
is  presumed  in  computing  seat  stress.  The  data  of  Fig.  39^1  indicate  a 
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Fi^re  394.  Stress-Leakage  Data  for  Test  Model 


Seat  Stress,  psi 


Nitrogen  Leakage,  scim 

Figure  395*  Stress— Leakage  Data  for  Test  Model  Test  1  (Continued) 
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high  closure  rate  and  marked  first-cycle  plastic  deformation.  Elastic 
compliance  following  plastic  flow,  however,  is  evidenced  by  the  repeat¬ 
ability  of  the  succeeding  increasing-load  characteristic  up  to  a  previously 
stressed  level.  Figure  395,  which  shows  the  1000-psig  continuation  of 
initial  testing  (seating  surfaces  not  separated),  reveals  similar  tend¬ 
encies,  The  excellent  repeatability  of  the  initial  1000-psig  test  cycle 
to  3000-psi  stress  clearly  shows  the  elastic  compliance  after  a  prestress 
cycle.  (seat  stressed  to  3090  psi  maximum  during  300-psig  testing.  Post- 
test  inspection  of  Model  gave  no  real  evidence  of  metal  transfer  but 
did  reveal  the  presence  of  a  0.00035-inch-wide  plastically  deformed  flat 
area  at  the  seat  OD  (Fig.  116).  As  with  previously  reported  models  having 
a  taper  and/or  ridged  surface,  it  is  probable  that  the  majority  of  the 
sealing  stress  occurred  at  the  land  OD  periphery  where  plastic  flow  occurred 
and  surface  texture-leakage  correlation  is  not  possible. 


Model  Sj,  3  AA  Aluminum  Seat  and  0.3  Ai'\ 
Tungsten  Carbide  Poppet 


Tested  with  the  same  poppet  as  rough  Model  R^,  this  model  represents  the 
best  turned  aluminum  surface  fabricated.  Unlike  the  previously  described 
lathe-turned  models,  which  exhibited  full  land  taper  conditions,  the  Model 
Sj  seat  had  a  composite  deviation.  Posttest  Proficorder  inspection  in¬ 
dicated  the  general  land  profile  to  be  high  at  the  ID,  convex  tapering 
approximately  5  microinches  over  a  radial  distance  of  about  0.015  inch. 
From  this  mid-land  point,  three  6-  to  lO-microinch  PTV  waves  extending 
to  the  OD  were  noted.  The  wave  peaks  were  on  the  same  general  plane  as 
the  land  tapered  inner  section,  but  a  hump  4  to  8  microinches  above  this 
plane  at  the  OD  was  evident.  (This  posttest  inspection  would  not  reveal 
plastically  flowed  areas.) 

Roughness  assessment  by  interference  photos  proved  exceedingly  difficult 
because  of  the  profile  sharpness.  While  PTV  variations  between  rdiges 
are  less  than  10  microinches  (Fig.  11?),  it  is  apparent  that  this  rough¬ 
ness  is  superimposed  upon  a  waviness  of  about  0.001-inch  pitch  which  is 
up  to  30  microinches  PTV  height.  It  is  also  likely  that  there  were  even 
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higher  ridges  vithin  the  land  and,  although  not  microscopically  observed 
before  test,  a  burr  certainly  vas  raised  in  terminating  the  land  OD  as 
posttest  inspection  revealed. 

Model  S^,  was  tested  at  3OO-  and  1000— psig  supply  pressures,  as  illustrated 
by  the  stress-leakage  curves  of  Fig.  396  through  398.  The  alternate  test 
procedure  was  used.  In  the  plot  of  the  360-psig  test  (Fig.  396),  consider¬ 
able  plastic  deformation  and  hysteresis  "sticking"  is  indicated  by  an  ex¬ 
tremely  fast  closure  rate.  At  a  1000-psig  inlet  pressure  (Fig.  397)) first 
cycle  data  taken  up  to  3OOO  psi  stress  (maximum  attained  during  300-psig 
test)  show  evidence  of  hysteresis  but  with  no  sticking  or  appreciable 
plastic  deformation.  Leakage  at  3OOO  psi' stress  is  approximately  I3  times 
greater  than  at  the  similar  stress  300-psig  test.  This  is  commensurate 
with  the  leakage  change  to  be  expected  from  the  increased  inlet  pressure. 

However,  on  a  second  load  cycle  to  the  previously  unattained  stress  of 
10,000  psi,  the  sticking  characteristic  is  again  evident.  Additional 
plastic  deformation  apparently  occurred  on  subsequent  load  cycles  as  in¬ 
dicated  by  Fig.  398.  From  this  plot  and  test  1  overlay,  it  can  be  seen 
that  leakage  on  the  order  of  2  X  10  scim  was  achieved  at  only  3OOO  psi 
as  compared  with  the  10,000-psi  level  necessary  on  the  initial  high-stress 
loop.  The  sticking  phenomenon  was  due  to  metal  transfer  from  seat  to 
poppet  as  shown  in  Fig.  II7  and  118.  Apparently,  the  aluminum  seat  material 
flowed  into  and  was  retained  by  the  pitted  tungsten  carbide  surface  at 
high  ridge  areas.  This  transfer  occurred  at  approximately  mid-land,  where 
the  aforementioned  taper  discontinuity  existed.  Some  PTV  reduction  plastic 
deformation  probably  occurred  here  also.  As  sho'wn  in  Fig.  119,  the  seat 
OD  hump  was  also  plastically  deformed;  this  probably  occurred  during  the 
initial  3OO— psig  teat  and  accounts  for  the  pronounced  closure  rate  pre¬ 
viously  noted  and  the  very  low  leakage.  No  gross  plastic  deformation  of 
the  land  occurred  as  shown  by  the  profile  records  and  comparison  with 
lapped  Model  K. 

The  evidence  established  from  this  model  indicates  that  unanodized  alum¬ 
inum  should  not  be  mated  with  the  characteristic  pitted  surface  of  tung¬ 
sten  carbide  for  a  cyclic  requirement.  Whether  or  not  metal  transfer  to 
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Figure  396.  Stress-Leakage  Data  for  Test  Model  S  ,  Test  1 
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Figure  397*  Stress-Leakage  Data  for  Teat  Model  S^,,  Teat  1  (Continued) 
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Figure  398.  Stress— Leakage  Data  for  Test  Model  After  Load  Cycles,  Test  1 


a  smooth,  fine— finish,  stainless— steel  surface  would  occur  has  not  been 
established.  As  discussed  later  (Plating  and  Coating  Evaluation  Tests), 
the  anodized  aluminum  surfaces  of  Models  and  V^,  though  untapered,  gave 
little  indication  of  surface  or  substrata  plastic  deformation. 

FLAT- GROUND  MODELS 

T\'o  440C  steel  models  were  fabricated  for  evaluation  ol'  surfaces  ground 
to  a  roughness  level  comparable  to  lapped  models.  Model  D^  was  unidirec- 
tionally  ground  while  Model  A^  had  an  apparent  circula.r  lay.  (As  noted 
in  the  model  fabrication  section,  the  latter  surface  ws.s  comprised  of  a 
series  of  tangential  cuts,  discontinuous  but  in  a  circular  direction.) 

The  surface  characteristic  of  both  models  was  one  of  ws.viness  in  which  a 
succession  of  ever-decreasing  PTV  height  waves  were  superimposed  on  one 
another.  Assessment  of  these  surfaces  was  largely  svibjective  (as  with 
some  lapped  models),  and  Profilometer  readings  were  utilized  as  a  reference 
datum.  The  roughness  PTV  heights  recorded  in  Table  4  represent  average 
values  over  a  0.001-  to  O.OO^-inch  cutoff  width. 


Model  D^,  2.7  AA  Unidirectional  Lay  440C 
Poppet  and  Seat 

The  interference  photographs  of  Fig.  120  through  122  and  profile  records 
of  Fig.  '534  and  355  typically  illustrate  Model  D^  sealing  surfaces.  From 
these  data,  supported  by  Profilometer  readings  (presented  in  Table  4), 
poppet  and  seat  roughness  heights  were  estimated  at  6.0  and  8.0  microinches 
PTV,  respectively.  Circumferential  waviness  varied  depending  on  lay  ori¬ 
entation  (across  or  with  lay).  The  poppet  (Fig.  336)  exhibited  a  5-microinch 
PTV  waviness  height  with  wavelengths  ranging  from  approximately  0.030- 
inch  (cross  lay)  to  0.126-inch  with  lay.  Similarly,  the  seat  (Fig.  337 
and  122)  had  5-microinch  PTV,  0.084-inch  period  with-lBiy  waves,  and  5- 
to  10-microinch  PTV  0.025-inch  wavelength  cross-lay  deviations.  In  addi¬ 
tion,  the  seat  evidenced  two  180-degree  period,  10-  to  14-microinch  PTV 
waves. 
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Figure  399-  Stress-Leakage  Data  for  Test  Model  D^,  Test  1 
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Model  was  tested  three  times,  twice  with  the  lay  approximately  73  de¬ 
grees  opposed  and  once  with  near  parallel  lay  as  illustrated  by  Fig.  399 
and  400.  The  initial  test  (Fig.  399)  started  w'ith  a  300-psig  supply 
pressure  and,  after  transition  to  1000  psig  (alternate  test  method),  was 
continued  at  the  elevated  pressure.  Due  to  low  bottle  pressure,  how¬ 
ever,  test  1  was  terminated  after  reaching  only  600  psi  stress.  Test  2 
(sealing  surfaces  separated  during  bottle  change)  was  subsequently  per¬ 
formed  and,  as  shown  in  Fig.  400,  a  stress  of  56,000  psi  was  attained. 

The  data  were  extremely  repeatable  with  virtually  no  hysteresis  evident. 

It  is  interesting  to  note  that  this  model,  straight  from  the  grinder,  legiked 
only  3  to  5  times  more  than  the  commonly  employed  2  AA  multidirectional 
lapped  surface.  (Refer  to  Model  B,  Test  4  discussed  later). 

After  completion  of  test  2,  the  poppet  was  rotated  to  bring  the  two  surface 
lays  parallel  within  less  than  5  degrees.  Model  D^  was  then  retested  to 
the  56,000-psi  stress  leve  1  (Test  3j  Fig.  400).  The  results  were  so 
similar  that,  for  clarity,  test  3  is  represented  only  a  dashed  line  with¬ 
out  data  point  symbols.  The  lack  of  change  may  be  attributed  to:  (l) 
surface  waviness  deviations,  effective  regardless  of  lay  orientation, 

(2)  cross-feed  variations  on  the  two  parts  during  fabrication,  causing 
different  and  nonuniform  lay  "pitch",  and  (3)  the  improbability  of  achiev¬ 
ing  perfect  lay  alignment.  Even  if  the  first  two  problems  were  solved, 
it  is  apparent  that  in  the  practical  application,  parallel  lay  orientation 
to  reduce  leakage  offers  little  promise. 


Model  A^,  2.3  AA  Circular  Lay  440C 
Poppet  and  Seat 


Both  Model  A^  poppet  and  seat  roughness  heights  at  0.001-  to  0.003-inch 
cutoff  were  estimated  at  7  microinches  PTV.  The  interference  photographs 
of  Fig.  127  and  128  together  with  Fig.  338  and  339  roughness  profile 
records  were  used  for  this  assessment,  substantiated,  as  with  Model  D^, 
by  Profilometer  readings.  Having  circular  lay,  Model  A^  did  not  give 
evidence  of  the  variable  circumferential  waviness  characteristic  noted 
with  D^,*  significant  waviness,  however,  was  observed. 
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Figure  401.  Stress-Leakage  Data  for  Test  Model  A^,  Testa  1  and  2 
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From  the  circumferential  vaviiiess  profile  record  of  Fig.  3^0)  Model 
poppet  had  two  180-degree-period  (only  one-half  shown  because  of  long 
trace),  10-microinch  PTV  major  deviations  with  12-  to  15-microinch  PTV 
short  wavelength  (O. 037-inch)  superimposed  waves.  The  seat  (Pig.  3^l) 
short  wave  characteristic  was  about  the  same  as  the  poppet's,  but  about 
25  microinch  PTV  180-degree-period  waves  (also  one-half  shown)  were  noted. 

Two  tests  were  performed  on  Model  A^,  as  illustrated  by  Fig.  401.  Test  1, 
at  a  300-psig  supply  pressure,  was  terminated  prematurely  because  of 
facility  problems.  Using  the  alternate  test  method,  test  2  was  begun  at 
300  psig,  followed  by  the  transition  to  1000  psig,  and  in  two  successive 
loops,  a  maximum  stress  of  29,000  psi  was  attained. 

A  comparison  of  Model  A^  with  its  unidirectional  lay  counterpart, 

(Pj  =  1000  psig)  illustrates  the  superiority  of  the  circular  lay  finish 
over  attempts  to  align  a  unidirectional  version.  At  stress  levels  up  to 
2000  psi,  by  virtue  of  smaller  waviness  deviations,  leaks  slightly  less 
than  A^.  Above  a  2000-psi  stress,  however.  Model  A^  exhibits  the  much 
faster  shutoff  rate  characteristic  of  circular  lay,  as  described  in  the 
seating  analysis.  Furthermore,  by  2000-psi  stress,  the  large  radial 
troughs  caused  by  circumferential  waviness  have  been  nearly  closed.  This 
is  indicated  by  the  sinusoidal  model  height  of  13.7  raicroinches  (corre- 
ponding  to  3-5  scim  leakage  at  2000  psi  stress)  compared  with  the  assessed 
PTV  roughness  of  14  microinches.  Had  this  waviness  been  avoided  in  fabri¬ 
cation  (as  with  Model  D^),  leakage  at  2000  psi  stress  would  be  reduced 
by  about  a  factor  of  3* 

FL\T-IiAPPED  MODELS 

The  bulk  of  surface  texture  evaluation  was  performed  with  lapped  models 
for  two  basic  reasons.  First,  the  lapping  process  affords  the  only  cur¬ 
rently  practical  means  of  producing  the  ultralow  leakage  sealing  surfaces 
required  of  advanced  rocket  engine  valves.  Secondly,  considerable  lapping 
technology,  both  in  methods  and  materials,  has  been  established. 
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In  general,  models  are  discussed  in  fabrication  chronological  order,  thus 
reflecting  improvements  in  finishing  technique  and  geometrical  considera¬ 
tion  dictated  by  test  results.  Models  reworked  to  eliminate  damage  or 
poor  performance  characteristics,  but  with  approximately  the  same  rough¬ 
ness  level  as  their  former  configurations,  are  reported  together. 

The  major  problem  necessitating  rework  was  that  of  seat  land  corner  damage 
caused  by  stress  concentration  at  the  edge  discontinuity.  This  type  of 
failure  occurred  on  early  diamond-lapped  models  fabricated  with  sharp  edges 
commonly  considered  necessary  by  most  lapping  practitioners.  As  the  con¬ 
tact  pressure  distribution  analyses  and  experimental  results  indicated, 
the  sharp-edged  condition  is  undersirable.  (Posttest  inspection  lagged 
the  test  operation  somewhat;  thus,  four  model  seats  incurred  corner  damage 
before  the  problem  was  fully  recognized. ) 

Subsequently,  all  existing  model  seats  were  reworked  by  lapping  0,001-  to 
0.002-inch  radii  at  OD  and  ID  corners.  New  models  employed  a  supporting 
0.002-inch,  b5-degree  chamfer.  Additionally,  a  succession  of  geometrical 
changes  designed  to  obviate  the  problem  were  evaluated.  Configurations 
from  a  flat  with  large  tangential  radii  (dubbed)  to  the  ultimately  deter¬ 
mined  optimum  geometry  of  a  full-crowned  land  were  fabricated  and  tested. 

It  is  interesting  to  note  that  the  dubbed  corner  condition  occurs  naturally 
with  the  lapping  process  and  is  often  difficult  to  avoid.,  particularly  in 
polishing  and  wet  slurry  multidirectional  lay  lapping.  Thus,  with- the 
initial  contract  models  so  fabricated,  a  sufficient  corner  dub  was  gen¬ 
erated  to  preclude  land  corner  damage. 

With  leakage  as  the  prime  comparison  parameter,  lapped  model  surfaces  were 
fabricated  and  tested  to  fulfill  several  purposes: 

1.  To  compare  the  performance  of  several  typical  surfaces  (as  pro¬ 
duced  on  various  materials)  currently  employed  in  the  valve  in¬ 
dustry.  These  represent  the  common  machine  or  manual  aluminum 
oxide  wet  slurry,  multidirectional  lapped  surfaces 
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2.  To  investigate  the  more  readily  defined  but  less  commonly  used 
"dry"  diamond-lapped  surfaces  for  comparison  with  the  wet  slurry 
firocess  noted  above 

3.  With  the  diamond-lapped  surface,  evaluate  the  influence  of  lay 
orientation,  i,e.,  parallel  or  perpendicular  unidirectional  lay 
and  unidirectional  vs  circumferential 

4.  Evaluate  the  potential  of  geometrical  configurations  intended 
to  obviate  the  aforementioned  seat  land  corner  damage 

5.  Investigate  the  performance  reproducibility  of  several  1  AA 
diamond-lapped,  unidirectional  lay  surfaces  adopted  as  a  "standard" 
for  concurrently  performed  cycle  tests 

6.  Compare  the  basic  effect  of  changing  PTV  roughness  level 

7.  Identify  the  contribution  of  scratches  to  the  leakage  obtained 
at  various  surface  textures 

Model  D ,  6.3  AA  Multidirectional  Lay  440C  Poppet  and  Seat 

This  model,  in  conjunction  with  Models  C  (4.7  AA)  and  B  (2.2  AA)  was  formed 
to  evaluate  one  of  three  levels  of  multidirectional  lay  surface  roughness. 

As  previously  noted,  assessment  of  this  type  of  surface  is  most  difficult 
with  interferometric  techniques.  Even  had  very  narrow  bandwidth  procedures 
been  employed,  it  is  doubtful  that  with  so  rough  a  surface  (Fig.  129), 
definitive  data  could  have  been  obtained.  Thus,  Profilometer  and  Pro— 
ficorder  information  formed  the  basis  for  surface  description. 

Model  D  poppet  exhibited  both  wavy  and  nodular  characteristics  in  addition 
to  an  average  roughness  PTV  height  of  19  microinches  as  deduced  from  the 
poppet  profile  trace  of  Fig.  342.  Waviness  on  the  order  of  5  microinches 
PTV  was  noted  together  with  a  4.4-percent  density  of  5-inicroinch-high 
nodules.  Although  Profilometer  data  indicated  a  slightly  rougher  surface, 
the  seat  was  similar  to  the  poppet. 

Model  D  was  tested  in  the  clamped  condition  at  a  300-psig  inlet  pressure. 

As  indicated  by  the  test  results  of  Fig.  402,  two  stress  loops  to  60,000 
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Figure  402.  Stress-Leakage  Data  for  Test  Model  D,  Tests  1  and  2 


psi  were  initially  performed  (test  l).  The  surfaces  were  separated  and, 
without  reorientation,  were  subjected  to  an  additional  two  cycles  to 
60,000  psi  (test  2). 


The  initial  load  cycle  of  test  1  shows  considerable  plastic  deformation 
evidence  which  may  be  attributed  to  nodule  compression.  While  some  hys¬ 
teresis  is  present  in  the  second  cycle,  identical  first-  and  second-cycle, 
low  stress  return  points  indicate  general  elastic  compliance.  The  reappear¬ 
ance  of  the  plastic  characteristic  on  the  first  cycle  of  test  2  is  indica¬ 
tive  of  surface  disruption  at  separation. 


Model  C,  4.7  AA  Multidirectional  Lay  440C 
Poppet  and  Seat 

Model  C  was  the  intermediate  model  in  the  series  of  multidirectional  lay 
surface  evaluation  tests.  Poppet  and  seat  surfaces  were  similar  with  an 
average  PTV  roughness  height  of  14  microinches.  Waviness  on  the  order  of 
5  microinches  PTV  and  a  5* 4-percent  density  of  approximately  3~niicroinch- 
high  nodules  was  also  noted.  The  Proficorder  trace  of  Fig.  3^3  is  repre¬ 
sentative  of  both  surfaces. 

Model  C  was  tested  in  the  clamped  condition  at  both  36O-  (test  l)  and 
1000-psig  inlet  pressures  (test  2).  As  indicated  by  the  test  results 
(Fig.  403),  considerable  plastic  deformation  occurred  during  the  initial 
test  1  load  cycle.  Slight  hysteresis  and  plastic  deformation  is  evident 
on  the  following  cycle,  but  the  latter  performance  was,  essentially,  one 
of  elastic  compliance.  Similarly,  test  2  at  1000  psig  shows,  basically, 
an  elastic  characteristic. 


Model  B,  2.2  AA  Multidirectional  Lay  440C 
Poppet  and  Seat 

Smoothest  of  the  multidirectional  lay  series.  Model  B  poppet  and  seat 
surfaces  were  not  as  similar  as  those  of  Models  C  and  D.  Examination  of 
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Figure  403.  Stress-Leakage  Data  for  Test  Model  C,  Tests  1  and  2 
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the  Proficorder  trace  and  interference  jihoto  of  Fig.  Jhh  and  I3O,  respec¬ 
tively,  indicates  a  poppet  surface  roughness  PTV  height  of  4.5  microinches . 
The  seat  was  slightly  rougher  at  6.6  microinches,  as  deduced  from  the  seat 
profile  record  (Fig.  5^*5) •  As  illustrated  in  the  interference  photo  of 
Fig.  151 1  the  seat  land  was  concave  some  2  to  3  microinches  (an  unusual 
condition).  Both  surfaces  contained  nodules  3  to  4.5  microinches  high. 

The  first  stress— leakage  information  obtained  on  Model  B  was  run  at  300 
psig  with  the  poppet  in  a  clamped  position.  Test  data  for  this  configura¬ 
tion  are  shown  as  test  1  (Fig.  404),  representing  the  first  and  second 
test  loops  and  show  that  slight  plastic  flow  had  taken  place  in  the  first 
cycle. 

Test  2  (Fig.  405)  represents  the  sixth  cycle  on  this  test  surface  and  was 
conducted  at  1000  psig  with  the  ball— loading  device.  To  recheck  the  data 
of  test  1,  test  3  ■'^as  conducted  at  a  300-psig  inlet  pressure  with  the  ball¬ 
loading  device.  The  results  of  test  3  are  plotted  along  with  an  overlay 
of  test  1  which  indicates  that  the  stress— leakage  characteristic  has  not 
changed  with  cycles.  The  difference  between  the  two  curves  at  low-stress 
levels  is  attributed  to  the  clamped  vs  undamped  (ball)  loading  methods, 
(clamping  the  poppet  to  the  piston  results  in  a  potential  out-of-parallel 
condition  which  may  be  as  much  as  10  microinches  over  a  1/2-inch  seat 
diameter. ) 


Model  J,  2  AA  Multidirectional  Lay  17—4  PH 
Poppet  and  Seat 

Model  J  and  aluminum  model  K,  to  follow,  were  tested  to  evaluate  the 
material  parameter  effect  on  sealing  performance.  The  17-4  PH  steel  has 
the  same  elastic  modulus  as  440C;  however,  its  yield  strength  is  approxi¬ 
mately  three-fourths  that  of  440C.  Tests  with  17-4  PH  were  performed  to 
determine  if  decreased  strength  would  have  any  effect  on  the  stress-leakage 
characteristic.  The  aluminum  model  was  included  to  investigate  any  changes 
resulting  from  a  different  modulus  of  elasticity.  Both  models  were  multi¬ 
directional  finished  to  approximately  2  microinch  AA  for  comparison  with 
440C  Model  B. 
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Figure  404.  Stress-Leakage  Data  for  Test  Model  B,  Test  1 
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Figure  405-  Stress-Leakage  Data  for  Test  Model  B,  Tests  1  through  3 


Test  Model  J  surface  texture  was  very  similar  to  Model  B  except  that 
there  were  no  nodules  on  J.  Model  J  poppet  and  seat  had  essentially 
the  same  surface  texture.  The  average  asperity  height  was  6  microinches 
as  measured  by  the  Proficorder  trace  (Fig.  3^*6)  and  the  interference 
microphotographs  of  Fig.  132  through  13^*  While  no  sifnificant  waviness 
or  nodules  were  noted,  the  seat  land  was  concave  similar  to  Model  B  (about 
2  microinch,  Fig.  13^)* 

Model  J  was  tested  twice  at  a  300~psig  inlet  pressure  with  the  ball-loading 
device  installed.  As  shown  in  Fig.  406,  test  1  was  the  first  cycle  and 
test  2  was  a  repeat  cycle  after  poppet-seat  separation  to  check  for  con¬ 
tamination.  The  seat  was  carefully  examined,  and  the  system  was  purged 
with  nitrogen;  however,  noting  the  high  leakage  at  low  stress  for  both 
tests,  it  must  be  concluded  that  the  contamination  was  not  removed.  A 
comparison  of  Model  J  high-stress  leakage  data  with  those  of  test  Model  B 
(Fig.  ^i05)  shows  very  close  correlation.  It  is  concluded  from  this  com¬ 
parison  that  the  two  materials,  ^i^iOC  and  17-^iPII  essentially  have  the  same 
stress-leakage  characteristic,  and  that  variations  of  yield  strength  do 
not  influence  these  characteristics.  However,  it  is  presumed  further  that 
if  the  two  materials  had  been  tested  into  regions  of  gross  plastic  surface 
stress,  significant  differences  would  have  resulted. 


Model  K,  2  AA  Multidirectional  Lay 
Aluminum  Poppet  and  Seat 

As  with  Model  J,  this  model  was  imjltidirectional  finished  to  approximately 
2  microinches  AA  for  comparison  with  ^i^iOC  Model  B. 

Since  stylus  instruments  cause  gross  plastic  deformation  on  an  unanodized 
aluminum  surface,  the  interference  photos  of  Fig.  135  and  I36  were  used 
to  assess  surface  texture  parameters  for  this  model.  The  surface  was  very 
similar  to  that  of  Model  B  with  a  PTV  roughness  height  estimated  at  6 
microinches.  Unlike  Model  B,  however,  the  aluminum  model  contained  5~ 
microinch  scratches  over  about  6  percent  of  the  surface,  (Several  un¬ 
successful  attempts  were  made  during  the  lapping  operation  to  eliminate 
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these  scratches.)  Because  of  the  small  number  of  scratches,  however,  it 
was  concluded  that  this  model  surface  texture  approximated  the  2-microinch 
AA  surface  of  Model  B,  so  that  the  eleastic  modulus  factor  could  be  viewed 
independently. 

Model  K  was  tested  initially  in  the  clamped  condition  with  one  load  cycle 
to  50,000  psi  (test  1,  Fig.  4O7)  nearly  twice  the  aluminum  bulk  yield 
strength.  Although  not  too  evident  from  the  test  1  curve,  gross  seat 
plastic  deformation  occurred  as  sho^vTi  in  the  interference  photo  of  Fig. 

137.  The  falloff  of  approximately  95  microinches  occurred  primarily  on 
the  OD  half  of  the  land.  The  unequal  deformation  is  attributed  to  the 
confinement  characteristic  of  the  ID  relative  to  the  OD;  i.e.,  the  metal 
cannot  move  inward  without  drastic  change  of  shape.  There  is,  however, 
little  constrainment  to  outward  deformation.  On  the  other  hand,  the 
totally  confined  poppet  showed  only  slight  (less  than  10  microinches) 
plastic  flow. 

Following  rework.  Model  K  was  retested  at  1000  psig,  this  time  with  ball 
loading  and  in  a  different  loading  sequence  (Fig.  407).  Test  2  represents 
a  series  of  load  cycles  where  the  maximum  stress  was  progressively  increased 
with  each  cycle.  The  first  (initial  contact)  was  conducted  from  350  to 
2080  psi,  the  second  from  350  to  2080  psi,  and  the  third  from  350  to  10,750 
psi;  the  surfaces  were  not  separated  between  tests.  Before  the  data  were 
recorded  for  each  test  group,  the  model  was  cycled  five  times  (350  to 
2080  psi;  350  to  5330  psi,  and  350  to  10,750  psi)  to  ensure  that  the 
elastic  characteristics  were  being  measured.  The  test  results  (Fig.  407) 
indicate  that  plastic  deformation  took  place  with  each  successive  increase 
in  the  level  of  operating  stress.  The  dashed  line  indicates  the  estimated 
initial  characteristic  indicating  progressive  plasticit^;^.  It  should  be 
emphasized,  however,  that  the  three  stress-leakage  loops  were  elastic 
and  thus  repeatable.  The  bulk  yield  of  the  aluminum  material  (approximately 
31,000  psi)  was  not  reached  in  these  tests,  and  it  is  concluded  that  the 
plastic  deformation  was  taking  place  only  at  the  asperity  level.  Posttest 
inspection  revealed  little  visible  evidence  of  damage;  the  seat  was 
essentially  unchanged  from  the  pretest  condition  shown  in  Fig.  138  (which 
also  represents  the  pretest  1  configuration). 
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Figure  40?.  Stress-Leakage  Data  for  Test  Model  K,  Tests  1  and  2 


Model  F,  0.7  AA  Unidirectional  Lay  44QC 
Poppet  and  Seat 

Model  F  was  one  of  the  first  diamond-lapped  surfaces  fabricated  and  was 
tested  during  the  initial  contract  effort.  This  model,  like  unidirectional 
ground  Model  described  previously,  was  used  to  investigate  stress- 
leakage  characteristic  differences  between  opposed  and  near-parallel  lay 
orientation. 

As  shown  in  Fig.  139  through  141,  Model  F  seat  exhibited  a  relatively 
large  scratch  density.  Approximately  38  percent  of  the  surface  was  com¬ 
prised  of  3-8-microinch  average  depth  scratches.  The  lightly  polished 
surface  texture  PTV  height  was  2.2  microinches.  The  poppet,  Fig.  142, 
had  been  polished  considerably  more  than  the  seat  and  was  interpreted 
as  having  essentially  no  significant  roughness.  Instead,  the  surface  was 
comprised  of  a  12-percent  density  of  4-microinch-deep  scratches  and  a 
waviness  characteristic  of  approximately  0.8  microinch  PTV. 

Model  F  was  initially  tested  through  several  stress-leakage  cycles  to  a 
60,000-psi  stress  with  poppet  and  seat  lay  approximately  90  degree  opposed. 
The  results  of  the  fourth  cycle  are  shora  in  Fig.  408  as  test  1.  (The 
three  previous  load  cycles  matched  the  plotted  loop  witliin  5  percent.) 

Test  2  (Fig.  408)  w^as  performed  with  surface  lays  oriented  in  near-parallel 
fashion.  The  increased  leakage  in  the  low-stress  region  is  attributed 
to  contamination  because,  with  the  ball  loading  arrangement,  out-of— parallel 
effects  are  negligible. 

As  with  the  results  of  Model  D^,  there  is  virtually  no  difference  between 
the  crossed  or  parallel  lay  condition  performance.  In  both  models,  the 
varied  surface  texture  wavelengths  caused  by  random  spacing  of  the  finish¬ 
ing  abrasive  make  it  extremely  unlikely  that  an  interlocking  poppet  and 
seat  lay  could  exist  even  if  it  were  possible  to  align  the  surfaces  per¬ 
fectly.  Furthermore,  the  lapped  version  was  formed  in  the  relatively 
precise  machine-controlled  manner  as  the  ground  model.  Thus,  its  lay 
is  not  exactly  parallel  but  is  comprised  of  scratches  crossing  one  ^lnother 
at  a  slight  angle,  making  a  lay  match  impossible.  It  is  concluded  that 
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Figure  408.  Stress-Leakage  Data  for  Test  Model  F,  Tests  1  and  2 


parallel  orientation  of  unidirectional  surface  lays  formed  as  described 
herein  will  not  significantly  affect  the  stress-leakage  characteristic. 


Because  the  scratches  in  Model  F  comprise  an  appreciable  percentage  of 
the  surface  area,  it  is  worth  evaluating  their  effect  in  terms  of  leakage. 
Using  the  density  relationship  previously  defined,  the  leakage  is 

given  by  the  combined  laminar-molecular  flow  equation: 


Q  = 


/l,.7  -  p/) 

I  ^ 


+ 


1.4  X  10^  D  (p,  -  P„) 
_ s__^ _ 1  2^ 
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/  R 

V  T 


By  computing  the  scratch  leakage  and  comparing  it  with  relativ^ely  low- 
stress  (lOOO-psi)  test  lealiage,  an  estimate  may  be  made  of  the  controlling 
surface  characteristics.  For  example,  the  sawtooth  scratches  of  test 
Model  F  occupy  a  large  percentage  of  the  seating  surfaces;  therefore,  sig¬ 
nificant  leakage  will  result.  For  the  seat,  which  has  a  scratch  depth  of 

3-8  microinches  and  a  density  of  38  percent,  the  computed  scratch  flow  is 

-2  -2 
2.2  X  10  scim.  The  corresponding  poppet  flow  is  0.8  x  10  scim  for 

a  scratch  depth  of  4.0  raicroinches  and  a  density  of  12  percent.  The  total 

-2  -2 

scratch  flow  of  3-0  x  10  ,  compared  to  3*0  x  10  scim  at  a  lOOO-psi  seat 

stress,  indicates  that  virtually  all  leakage  at  this  stress  level  is  through 
the  scratches.  This  analysis  cannot  be  carried  farther  because  a  stress- 
leakage  relationship  has  not  been  developed  for  the  scrai:ch  configuration. 


Models  and  0.8  AA  Unidirectional  Lay  440C 

Poppet  and  Seat 

This  model  was  initially  fabricated  with  "sharp"  seat  land  corners  which 
were  damaged  during  test.  Reworked  Model  seat  with  eipproximately  a 
0.001-inch  radius  at  both  ID  and  OD  evidenced  no  similar  damage  either 
after  static  or  subsequent  cycle  tests. 

4  64 

Wi- 


Model  surface  roughness  PTV  height,  as  deduced  from  the  interference 
photos  of  Fig.  143  and  144,  was  2.0  and  2.3  microinches,  respectively, 
for  poppet  and  scat.  Profilometer  data  agreed  with  this  assessment  and, 
as  with  the  figures  noted, indicated  a  1-  to  2-microinch  PTV  waviness 
characteristic . 

Model  G^  was  tested  at  1000  psig  with  four  stress  loops,  two  to  10,000 
and  two  to  55)000  psi.  As  the  results  of  Fig.  409  indicate,  some  evidence 
of  plastic  deformation  on  the  first  cycle  is  apparent.  Subsequent  cycles, 
however,  show  elastic  compliance  with  minimal  hysteresis. 

Posttest  inspection  revealed  evidence  of  extensive  seat  land  corner  fractur¬ 
ing.  As  indicated  liy  Fig.  145,  the  seating  land  and  total  land  width  are 
virtually  identical  with  little  evidence  of  corner  break.  The  resultant 
concentrated  edge  contact  stress  caused  minute  chipping  of  OD  and  ID 
material  similar  to  the  t3T3ical  damage  shown  in  Fig.  146.  While  the  metal 
failure  noted  is  indicative  of  improper  seating  geometry,  the  effect  of 
the  damage  is  not  apparent  from  test  results.  If  poppet  and  seat  had  been 
separated,  it  is  probable  that  the  disrupted  seat  surface  would  have  caused 
an  increase  in  low-stress  leakage,  particularly  if  a  slight  seating  surface 
reorientation  had  occurred. 

In  subsequent  rework  to  the  Model  configuration,  a  radius  of  about 

0.001  inch  was  applied  to  both  seat  ID  and  OD.  Metal  upset  from  this 
operation  necessitated  surface  refinishing;  the  poppet  was  also  refinished. 
As  shown  in  Table  4,  a  slight  improvement  in  surface  texture  resulted  with 
a  roughness  P'TV'’  height  of  1.8  microinches  (poppet)  and  1.7  microinches 
(seat),  and  negligible  waviness  was  noted.  Figures  147  and  148  illustrate 
the  seat  corner  condition  and  surface  texture.  The  refinished  poppet 
surface  is  shown  in  Fig.  149. 

Model  test  results  (Fig.  410)  reflect  the  noted  surface  roughness  im¬ 
provement  with  leakage  approximately  one-fourth  that  of  Model  G^.  Although 
only  one  stress  loop  was  performed,  an  elastic  characteristic  is  evident. 

The  increased  low-stress  locikage  values  are  attributed  to  nodule  or  con¬ 
taminant  effects.  No  posttest  damage  or  surface  changes  were  noted. 
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Model  CC^,  0.3  AA  Circular  Lay  Tungsten  Carbide 
Poppet  and  0.2  AA  440C  Seat 

Throughout  the  lapping  experimentation  portion  of  the  program  and  in  pre¬ 
paration  of  models  for  process  evaluation  (concurrent  with  surface  texture 
evaluation  models  described  in  this  section),  it  was  virtually  impossible 
to  prepare  a  surface  without  occasional  deep  scratches.  Furthermore,  the 
unidirectional  surfaces  so  fabricated  consist  solely  of  minute  scratches, 
all  crossing  the  sealing  land.  With  circular  lay,  however,  both  texture 
and  random,  deeper  scratches  close  in  on  themselves  (or  very  nearly  so), 
resulting  in  much  longer  leakage  paths.  This  model  represents  the  first 
surface  fabricated  for  investigation  of  circular  lay  capabilities.  Ad¬ 
ditionally,  Model  CCj  was  tested  for  comparison  with  an  all  440C  version 
of  similar  finish.  Thus,  the  best  material  for  a  reference  poppet  which 
would  be  used  for  further  investigation  of  seat  geometry  and  finishing 
techniques  could  be  determined. 

The  poppet  (Fig.  I58  and  159)  had  a  roughness  height  of  0.8  microinch  PTV 
superimposed  on  a  pitted  surface.  An  18-percent  density  of  1 . 5-micro inch- 
deep  pits  with  additioncil  deeper  pits  (approximately  4  microinches)  over 
1  percent  of  the  surface  was  noted.  (For  reference.  Fig.  I6O  illustrates 
the  surface  texture  of  a  new  chromium  carbide  Webber  "Croblox"  master  gage 
block.  It  would  appear  that  chromium  carbide  was  a  more-dense  structure 
than  the  K96  Kennametal  timgsten  carbide  poppet,  or  the  gage  block  was 
more  completely  finished.)  The  seat  roughness  height  was  approximately 
0.7  microinch  PTV  as  deduced  from  the  interference  photo  of  Fig.  I6I. 
Additionally,  one  scratch  5  microinches  deep  and  65  microinches  wide  ex¬ 
tending  diametrally  across  the  land,  was  observed  (Fig.l6l  and  162).  This 
scratch  was  liglitly  polished  out  after  test,  as  shown  in  Fig.  I63,  to  allow 
a  more  accurate  estimation  of  depth.  From  Fig.  18,  these  two  scratches 
would  contribute  about  10  scim. 

Two  stress-leakage  tests  were  performed  on  Model  CC^,  which  along  with  good 
leakage  characteristics,  revealed  an  odd  phenomenom.  On  Fig.  411  (test  l), 
the  circled  data  points  represent  the  first  cycle  of  increasing  and  de¬ 
creasing  load.  The  second  cycle  (triangles)  was  performed  after  an  overnight 
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Figure  411.  Stress-Leakage  Data  for  Test  Model  CC^,  Test  1 


wait  at  zero  inlet  pressure  v.dth  less  than  500-psi  seat  stress  applied; 
the  sealing  surface  had  not  been  sejjarated.  The  data  indicate  a  time- 
dependent  or  creep  condition  existed.  The  model  was  disassembled  and 
examined;  no  test— caused  damage  or  contamination  w'as  observed  although 
diamond  embedment  was  suspected.  It  was  decided  to  retest  this  model 
and  determine  if  cycles  to  a  higher  stress  level  would  reduce  the  leakage 
and  hysteresis.  The  parts  were  reassembled  in  the  tester,  and  the  circled 
data  points  shown  in  Fig.  412  (test  2)  were  obtained.  Again  the  time  of 
day  and  test  length  precluded  completion  of  a  second  cycle,  so  another 
overnight  lapse  ensued  with  less  than  500— psi  applied  seat  stress.  The 
next  cycle  (triangles  on  Fig.  412)  was  talcen  the  following  morning  and 
again  showed  a  creep  characteristic.  It  will  be  seen  that  the  noted  two 
cycles  of  Fig.  411  and  412  are  nearly  identical  in  leakage  magnitude  and 
"creep"  characteristic  although  tost  2  exhibited  somewhat  greater  hysteresis. 
No  explanation  has  been  determined  for  the  time-dependency  factor.  How¬ 
ever,  it  is  significant  that  a  leakage  ratio  of  up  to  4:1  was  obtained, 
representing  a  60-percent  decrease  in  h^  and  thus  PTV  height,  which  should 
be  considered  in  evaluation  of  metal -to-metal  valve  seats. 

After  completion  of  the  initial  two  stress-leeilcage  loops  of  test  2,  10 
load  cycles  to  58,000  psi  were  applied,  and  the  final  stress-leakage  cycle 
was  performed.  The  data  obtained  on  this  cycle,  represented  by  squares 
in  Fig.  412,  indicated  sealing  surface  degradation  had  occurred.  At  this 
point,  the  test  was  terminated  and  the  model  disassembled  for  inspection. 

As  with  previous  sharp— edged  models,  seat  corner  damage  had  occurred. 

The  OD  was  plastically  dubbed  about  4  microinches  over  the  o\iter  0.003- 
inch  around  one— half  of  the  periphery  (Fig.  164).  The  ID  was  dubbed  a 
lesser  amount.  OD  fracture  damage  (Fig.  I65)  was  also  observed.  In  one 
area  (rig.  166),  a  raised  lip  1  to  3  microinches  high,  was  formed  at  the 
OD.  No  poppet  damage  was  evident  nor  was  there  any  evidence  of  contamina¬ 
tion  on  poppet  or  seat. 

Because  of  the  more  rigid  and  stronger  poppet,  the  permanent  deformation 
occurred  in  the  seat  land  edge  as  would  be  expected  from  the  seating 
analysis.  The  raised  edge  noted  may  have  been  caused  by  crystal 
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reorientation  after  the  high-stress  loading  cycles,  and  subseqiiently  was 
responsible  for  the  increased  postcycle  lew-stress  leakage;  however,  no 
proof  of  this  was  found. 

A  subsequent  test  (Model  BB^)  continued  the  tungsten  carbide  poppet  ^i40C 
seat  evaluation,  but  no  further  tests  were  conducted  with  Model  CC^.  because  of 
the  problems  noted.  The  seat  was  ultimately  reworked  to  a  different 
configuration. 


Models  B^  and  B^^,  0.8  AA 
Circular  Lay  440C  Poppet  and  Seat 

Circular  lay  test  Model  was  fabricated  for  comparison  with  the  unidi¬ 
rectional  lay  (similar  roughness  PTV  height)  stress— 1 eakage  characteristic 
of  Model  G^.  As  with  Model  G^,  seat  land  corner  fracture  occurred,  neces¬ 
sitating  rework  and  retest. 

Model  B^  poppet  and  seat  surface  roughness  heights  were  1.9  and  2.5  micro- 
inches  PTV,  respectively.  The  interference  photos  of  Pig.  16?  and  160 
illustrate  the  surfaces,  while  the  sharp-edged  seat  corner  condition  is 
shown  in  Fig.  I69.  Circumferential  waviness  deviation  of  both  poppet 
and  seat  was  less  than  3  microinches,  indicating  the  uniformity  of  the 
lathe-lapping  process.  No  radial  scratches  were  noted. 

Figure  413  presents  the  stress-leakage  test  results  for  Model  B^.  The 
sharp  shutoff  rate  characteristic  of  the  circular  lay  surface  is  evident. 
Slight  evidence  of  low-rate  contact  is  indicated  by  the  slope  change  below' 
200-psi  stress.  The  balance  of  the  curve,  hov/ever,  shows  minimal  hysteresis 
with  essentially  elastic  surface  compliance. 

Posttest  inspection  revealed  the  sharp-edged  corners  of  Model  B^  seat  to 
be  the  most  severely  deimaged  of  the  models  so  fabricated.  Approximately 
160  fractures  at  the  OD  and  250  of  the  ID  were  noted.  Several  cracks 
about  0.0005-inch  long,  riinning  inw'ard  from  the  OD  at  approximately  30- 
degrees,  were  also  found.  Figure  I7O  show's  typical  OD  fracture  cracks. 
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while  the  largest  single  failed  area  is  illustrated  by  Fig.  171.  One 
contaminant  particle  0.0004  inch  in  diameter  and  3  microinches  high 
was  noted  on  the  poppet. 

In  the  subsequent  rework  to  Model  configuration,  the  seat  corners  were 
slightly  broken  and  the  surface  dubbed  at  OD  and  ID  as  shora  in  Fig.  172. 
(The  previously  mentioned  large  fracture  is  also  visible).  A  deeper  cir¬ 
cular  scratch  pattern  occvirred  over  the  inner  third  of  the  seat  land,  but 
the  net  surface  roughness  was  reduced  from  2.5  to  1,4  microinclies  PTV 
(Fig.  173).  The  poppet  was  not  refinished. 

As  shown  by  Fig.  414,  test  resvilts  for  Model  diffeied  little  from  those 
of  the  initial  configuration.  Although  the  poppet  was  unchanged,  the 
similar  performance  characteristic  attests  to  the  reproducibility  of  the 
circular  lay  surface.  Posttest  examination  of  the  rewoidced  model  revealed 
no  further  evidence  of  seat  land  damage. 


Models  and  0.2  AA  Circular  Lay  440C 

Poppet  and  Seat 

Model  was  the  last  model  to  be  finished  with  a  sharp-edged  seat  and  to 
incur  corner  fracture  damage.  It  was  fabricated  for  comparison  with  the 
tungsten  carbide  poppet  version  of  similar  lay  and  roughness  level. 

Figures  174  and  175  show  seat  edge  condition  and  surface  texture,  respec¬ 
tively.  Roughness  height  was  approximately  0.7  microinch  PTV  for  the  seat 
and  poppet;  the  latter  is  illustrated  by  Fig.  176.  Neither  poppet  nor  seat 
had  any  radial  scratches  extending  over  more  than  25  percent  of  the  seal¬ 
ing  land. 

Model  Hj.  test  results  (Fig.  415)  represented  the  best  performance  obtained 
at  that  time.  Hysteresis  was  minimal  although  it  appeared  that  the  de¬ 
creasing  stress  curve  would  cross  the  initial  plot  if  stress  had  been  re¬ 
duced  further.  Disassembly  inspection  revealed  heavy  ccntaiai nation  of 
fiber— like  particles,  probably  from  the  wiping  paper  xised.  (The  improved 
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Figure  415.  Stress-Leakage  Data  for  Test  Model  Test  1 
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cleaning  procedures  noted  in  the  Assembly  and  General  Test  Procedure  sub¬ 
section  were  initiated  following  Model  tests).  Additionally,  minor  OD 
fractures  were  noted  as  well  as  a  condition  of  metal  slippage  at  the  OD 
edge  (Fig.  177  and  178). 

Because  this  model  had  been  tested  to  a  maximum  apparent  stress  of  only 
4000  psi,  it  is  presumed  that  any  similar  surface  having  "sharp"  edges 
would  be  liable  to  such  deterioration.  For  this  and  damaged  models  pre¬ 
viously  noted,  the  extremely  flat  uniform  surfaces,  low  PTV  asperity  height, 
and  material  characteristics  probably  contributed  to  the  fracture  problem. 
Corner  fracturing,  as  noted  herein,  would  probably  not  affect  rougher  or 
less  brittle  surfaces.  Nevertheless,  the  test  results  support  the  edge- 
contact  analysis  (Seating  Analysis  section)  and  indicate  that  an  adequate 
corner  brealc  is  necessary  for  any  metal  seat  having  poppet  overlap  whether 
of  flat,  conical,  or  spherical  configuration. 

Model  seat  was  reworked  with  land  corner  radii  and  refinished;  no 
poppet  rework  was  required.  Seat  roughness  PTV  height  (Fig.  179,  through 
181,  where  the  last  two  photos  are  from  multiple  beam  interference)  at 
0.8  microinch  was  slightly  rougher  than  the  initial  version.  Figure 
182  illustrates  corner  condition.  (The  ID  blemish  is  a  handling-caused 
nick,  not  pertinent  to  test  performance).  Figure  183  shows  a  surface 
feature  first  noted  with  this  model.  Approximately  0.0003-inch  square 
and  3  to  4  microinches  high,  this  "contaminant"  is  typical  of  several 
found  on  Model  poppet  and  seat  as  well  as  on  later  models.  Although 
called  contaminants,  they  could  not  be  scrubbed  off  nor  would  light  lapping 
remove  them.  Never  positively  identified,  the  contaminants  are  hypothesized 
to  be  either  chrome  carbide  particles  (inherent  in  440C  steel)  or  embedded 
metal  "slag"  from  the  lapping  operation. 

Figure  4l6  presents  the  data  for  the  first  stress-leakage  cycle  after  seat 
rework  and  refinishing.  As  with  Model  11^  and  other  circular  lay  models, 
a  relatively  fast  shutoff  rate  is  noted.  However,  the  presence  of  several 
3-  to  4-microinch-high  contaminants  probably  accentuated  this  effect.  For 
example,  at  105  psi  stress,  the  0.59-scim  leakage  is  commensurate  with  a 
5.3-niicroinch  parallel  plate  gap.  This  is  much  larger  than  surface  roughness 
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level  but  agrees  favorably  with  the  noted  contaminant  height.  Thus,  at 
least  a  portion  of  the  low-stress  shutoff  rate  may  be  attributed  to  en¬ 
velopment  of  a  few-  contaminant  particles. 

IVirther  comparison  of  Fig.  4l6  data  with  those  of  Model  reveal  that 
above  1000-psi  stress,  the  refinished  version  leaked  2  to  4  times  as  much 
as  contaminated  and  damaged  Model  11^.  The  model  was  removed  from  the  tester 
and  examined;  no  evidence  of  seat  corner  damage  or  sealing  surface  imper¬ 
fections  was  found.  However,  on  the  supposition  that  some  contaminant  or 
blemish  might  not  have  been  noticed,  it  was  decided  to  "clean"  the  seat 
by  relapping.  Using  0-1  to  1 -mi cron-grade  diamond  compound  on  a  micarta 
lap,  the  seat  was  lathe  lapped  for  15  seconds.  There  was  no  change  in  the 
sealing  surface  finish  visible  under  two  beam  interference  viewing  at  500 
power  following  this  rework. 

Subsequent  stress-leakage  performance  is  shown  in  Fig.  417-  Test  2  com¬ 
prises  the  initial  two  load  cycles.  Prior  to  test  3>  the  sealing  surfaces 
were  separated  and  the  poppet  rotated  slightly.  These  two  tests  represent 
the  best  bare  metal  sealing  characteristic  obtained  during  the  test  program 
with  2  X  10  scim  leakage  achieved  at  only  a  1450-psi  seat  stress.  (During 
fluid  coating  evaluation,  discussed  later,  one  model  exhibited  slightly 
less  lealcage  at  similar  stress  levels.)  The  pronounced  improvement  over 
Model  H^,  (test  l)  and  other  fine-finish  models  tested  has  not  been 

completely  explained.  Two  probabilities  exist; 

1.  The  relapping  (cleaning)  operation,  hliile  no  change  in  surface 
roughness  was  detectable  with  the  inspection  equipment  available, 
the  removal  of  even  l/4  micro inch  from  the  seat  surface  asperities 
could  be  expected  to  reduce  the  already  low  leakage  significantly. 

2.  Lay  orientation.  As  discussed  in  the  Seating  Analysis  section, 
concentric  circular  lay  can  greatly  reduce  leakage.  \\Tiile  the 
potential  individual  poppet  and  seat  lay  eccentricity  has  been 
noted  previously,  it  is  possible  that  the  parts  were  assembled 

BO  that  near— cone entric  lays  resulted.  For  this  to  have  occurred, 
however,  the  results  after  poppet  repositioning  (test  2)  are  even 
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Figure  417*  Stress-Leakage  Data  for  Test  Model  Tests  2  and  3 
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more  extraordinary,  indicating  a  fortuitous  happening  rather 
than  setup  precision. 

In  considering  possible  causes,  the  former  is  deemed  most  likely  respons¬ 
ible  for  the  results  noted.  Because  the  "cleaning"  lapping  operation  did 
not  remove  the  previously  described  contaminant  nodules,  the  low— stress 
leakage  level  and  closure  rate  were  similar  to  those  of  Models  and 
test  1. 


Model  L^,  0.3  AA  Unidirectional  Lay  440C 
Poppet  and  Seat 

This  model,  fabricated  for  comparison  with  similar  roughness  but  circular 
lay  Model  represents  the  best  unidirectional  lay  surface  achieved 

during  the  test  program.  Because  of  the  problems  encountered  in  finishing 
this  model,  it  was  concluded  that  a  scratch-free  surface  could  not  be 
attained.  Both  poppet  and  seat  had  a  sufficient  number  of  with-lay  scratches 
approximately  2.5  microinches  deep  to  warrant  scratch  density  (poppet  = 
0.0012  and  seat  =  0.0008)  consideration.  In  addition,  the  poppet  had 
six  random  scratches  averaging  slightly  more  than  4  microinches  deep  and 
37  microinches  wide  which  crossed  the  sealing  land  as  shown  (typical)  in 
Fig.  184. 

Both  poppet  and  seat  PTV  roughness  height  was  approximately  0.8  microinch 
(Fig.  185  aJid  186).  Radii  were  formed  on  the  seat  corners  to  support  edge 
loads  although  the  sealing  surface  was  not  dabbed  off  as  indicated  by 
Fig.  187.  kliile  not  photographically  documented,  both  poppet  and  seat 
sealing  surfaces  had  approximately  20  contaminant  nodules  2  to  3  micro¬ 
inches  high,  similar  to  those  noted  in  the  description  of  Model  (The 

additional  figures  (Fig.  188  and  189)  illustrate  microhardness  test  in¬ 
dentations  and  0.0001-inch  radius  tip  Proficorder  stylus  tracks  discussed 
in  the  Model  Inspection  Equipment,  Procedures  and  Data  section). 
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Model  was  tested  to  a  60,000-psi  stress,  as  shown  by  the  test  results 
of  Fig.  418.  The  marked  slope  change  at  approximately  a  1000-psi  stress  gives 
evidence  of  completion  of  contaminant  nodule  envelopment  and  initial  surface 
contact.  The  0.33~scim  leakage  at  I3O  psi  stress  is  equivalent  to  that 
of  a  4. 3-niicroinch  parallel  plate  gap  which  agrees  favorably  with  the  noted 
contaminant  height.  Leakage  between  5OO  and  1000  psi  stress  is  indicative 
of  a  net  sinusoidal  PTV  gap  of  1.8  to  1.2  microinches;  thus,  in  this  region, 
the  basic  poppet  and  seat  surfaces  have  come  in  contact.  The  test  data 
show  minimal  hysteresis,  and  therefore  an  extremely  elastic  condition. 

Based  on  the  test  pressure  of  1000  psig,  the  total  scratch  density  and 
random  scratch  leakage  (Fig.  18)  is  approximately  6  x  10  ^  scim.  This 
amount  of  scratch-attributable  leakage  has  negligible  effect  on  the  stress- 
leakage  curve  shape  until  some  20,000-psi  stress  has  been  attained.  Thus, 
the  leakage  from  1000  to  20,000  psi  stress  is  directly  related  to  the  uni¬ 
directional  lay  surface  roughness. 

Above  1000-psi  stress,  Model  leaks  an  order  of  magnitude  more  than  the 
the  similar  roughness  but  circular  lay  model  (test  l)  and  cannot  reason¬ 
ably  be  compared  with  the  "cleaned"  results  of  Model  tests  2  and  3» 

Furthermore,  Model  leakage  is  greater  than  that  of  circular  lay  Model 
(Fig.  414  )  even  though  the  latter  model  PTV  roughness  height  is  more 
than  twice  that  of  Lp.  Thus,  the  results  of  Model  testing  more  clearly 
than  any  other  model  demonstrate  the  superiority  of  the  circular  lay 
finish. 


Model  BB^,  O.3  AA  Circular  Lay  Tungsten-Carbide 
Poppet  and  440C  Seat 

To  conqilete  the  440C  vs  tungsten-carbide  poppet  reference  surface  investi¬ 
gation  begun  with  Model  CC^,  this  model  used  CC^  poppet  and  seat.  Parts 
were  identical  to  those  used  in  final  testing  of  the  contributing  models. 

Figure  419  presents  the  test  results.  Two  load  cycles  were  performed 
initially  (test  l).  The  surfaces  were  then  separated,  the  poppet  rotated 
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Figure  418,  Stress-Leakage  Data  for  Test  Model  L^,  Test  1 
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Figure  419*  Stress-Leakage  Data  for  Test  Model  BB^,  Tests  1  and  2 
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several  degrees,  and  the  data  of  test  2  taken.  As  sho™,  there  is  little 
difference  betveen  the  tvo  tests. 

A  comparison  of  tungsten-carbide  poppet  models  (CC^  and  BB^)  with  the  440C 
poppet  version  (H^  and  is  presented  in  Fig.  420.  The  data  clearly 

indicate  the  superiority  of  the  more  homogenous  (vacuum  melt)  440C  poppet 
over  the  minutely  pitted  tungsten— carbide  material  for  similar  basic 
surface  roughness  PTV  height.  The  tungsten-carbide  material  used  (Kenna- 
metal  K96)  was  one  of  the  most  dense  commercially  available.  \\Tiile  not 
an  indication  of  porosity  (as  it  is  sometimes  described),  the  pitted  surface 
is  characteristic  of  the  material  finish  and  may  be  due  to  grinding  or 
lapping  pits,  or  voids  associated  with  the  sintering  process. 

From  these  tests  it  was  concluded  that,  for  evaluation  of  very  fine  surfaces 
(roughness  PTV  height  less  than  about  2  microinches),  the  440C  material 
was  most  suitable  although  a  less-pitted  carbide  surface  would  undoubtedly 
reduce  the  noted  difference. 


Models  and  0*2  AA  Circular  Lay  440C 

Poppet  and  Seat;  9«^~Inch  Seat  Crown  Radius 

Model  Mj  was  fabricated  to  evaluate  the  stress-leakage  characteristic  of 
a  croivned  seat  land.  Surface  roughness  was  similar  to  that  of  Model 
permitting  comparison  with  the  latter  circular  lay,  but  uncrowned  model. 
Additionally,  the  effect  of  ball  vs  clamped  loading  was  investigated. 

Model  Mj  seat  roughness  height  was  deduced  as  0.4  microinch  (Fig.  190), 
while  the  poppet  was  slightly  rougher  at  0.7  microinch  (Fig.  19l)-  From 
interference  photographs  similar  to  Pig.  192,  the  seat  crown  radius  was 
interpreted  as  approximately  5-4  inches  over  the  center  0. 021-inch  portion 
of  the  land  with  transition  to  approximately  0.7-inch  corner  radii.  Also 
visible  on  Fig.  192  is  one  of  three  scratches  crossing  one  side  of  the  seat 
land  due  to  incomplete  cleanup  of  the  pre-finish  unidirectional  lay  surface. 
These  scratches  varied  from  3-6  "to  4.6  microinches  deep  and  43  Fo  87  micro- 
inches  wide  (Table  4).  The  poppet  had  no  visible  cross-land  scratches. 
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Figure  420.  Stress-Leakage  Data  for  Test  Models  CC^,  and 
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Model  Mj,  was  tested  twice  in  the  ball  loaded  condition  as  shown  in  Fig.  421. 

Between  tests  1  and  2,  sealing  surfaces  were  separated  and  the  poppet  rotated 

approximately  10  degrees.  Except  for  the  very  low  stress  portion  of  the 

decreasing  load  loop,  test  results  were  virtually  identical.  In  addition 

to  the  "standard"  stress-leakage  plot  (which  is  purely  an  indication  of 

applied  load  since  the  entire  projected  land  area  is  used  in  computing 

apparent  stress)  Fig.  421  also  presents  the  stress-leakage  characteristic 

of  test  1  based  on  Hertz  contact  area.  In  this  case,  the  average  seat 

stress  (cr  )  which  varies  with  surface  deformation  and,  hence,  the  actual  bear- 
avg" 

ing  contact  land  width  is  considered*.  Maximum  contact  stress  is 

4/7T  times  the  values  noted. 

Model  M  leakage  was  sufficiently  low  for  scratch  flow  to  influence  the 

^  ^  -4 

high-stress  portion  of  the  stress-leakage  characteristic  (Q  ^  3  x  10 

scim) . 

Considering  the  actual  contacting  land  Avidth  and  assuming  no  significant 
scratch  deformation,  net  scratch  leakage  at  7200-psi  Hertz  stress  was  cal- 

_5 

culated  at  2.4  x  10  scim,  or  approximately  half  the  total  leakage  measured. 

If  the  stress-leakage  curves  A^rere  modified  by  subtraction  of  scratch  flow, 
an  even  more  pronounced  high-stress  closure  rate  would  be  evident. 

As  an  indication  of  Model  M^  performance  capabilities,  it  may  be  compared 
Av'ith  Model  H^^^,  test  2,  on  an  apparent  stress  (load)  basis.  At  1000-psi 
stress  (increasing  load,  no  effect  from  scratches).  Model  M^  contact  land 
A\fidth  is  calculated  to  be  approximately  0.007  inch  (Fig.  34,  Seating  Analysis 
section).  V/hen  reduced  by  the  M^/H^^^  land  width  ratio.  Model  M^  leakage 
was  only  about  1.5  times  greater  than  that  of  H^,^.  Thus,  although  actual 
contact  stress  was  higher,  from  a  valve  sealing  standpoint  on  a  common 
load  basis  Model  M^  compares  very  favorably  with  flat  Model  H^^^.  In  fact, 
the  low-stress  leakage  characteristic  was  better  than  H^^^  even  without 
correction  for  land  width  difference,  probably  because  of  the  previously 


*This  is  not  to  be  confused  with  the  so  called  "real"  contact  area  generated 
from  the  sum  of  asperity  contacts  which  is  less  than  the  annular  bearing 
area  referred  to. 
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Figure  421.  Stress-Leakage  Data  for  Test  Model  M„,  Tests  1  and  2 
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noted  nodules  present  on  Model  surfaces  and  lack  of  any  high-stress 

corner  contact.  Furthermore,  with  the  crowned  surface,  Model  M^  could 
be  expected  to  withstand  cyclic  loads  in  better  fashion  that  flat  Model 

On  the  seat  inspection  photos  (Fig.  I90  and  192),  it  will  be  noted  that 
the  surface  is  somewhat  streaked  through  the  center  portion  of  the  land. 
This  effect  was  actually  the  indication  of  a  multitude  of  minute  elongated 
pits  caused  by  "rolling"  diamond  lapping  compound  particles.  Although 
tested  in  this  condition,  it  was  decided  to  attempt  surface  improvement. 

The  seat  was  polished  with  0-  to  l/2-micron  diamond  compound  on  paper 
pressed  onto  the  surface  with  rotary  thumb  pressure.  The  resulting  surface 
is  shown  in  Fig.  193  (taken  at  the  same  place  as  Fig.  I90  but  with  more 
narrow  bands).  The  majority  of  small  pits  were  removed  although,  as 
Fig.  193  indicates,  some  of  the  larger  pits  were,  by  polishing,  made  more 
visible.  The  poppet  was  not  reworked  and  the  model  was  designated  • 

Model  M^j^  was  tested  first  with  ball  loading  and,  in  anticipation  of  cycle 
testing,  subsequently  in  the  clamped  condition  for  comparison  purposes. 

The  results  are  shown  in  Fig.  422.  The  removal  of  pits  bridging  the  narrow 
low-stress  contact  land  width  greatly  reduced  low-stress  leakage  (ball 
loaded  test  l)  as  compared  with  the  unpolished  version  (tests  1  and  2, 

Fig.  421). 

As  with  Model  M^.,  scratch  leakage  correction  would  decrease  the  slope  of 
M^^  stress-leakage  characteristic  since  the  polishing  action  did  not  sig¬ 
nificantly  reduce  scratch  depth.  It  is  apparent,  however,  that  at  elevated 
stress  levels  where  Model  M^  had  developed  sufficient  contact  land  width 
to  suppress  the  bridging  pit  effect,  both  models  are  similar.  Exprapola- 
tion  of  both  sets  of  data  indicates  Models  M^  and  M^^^  leakage  would  be 
about  the  same  at  approximately  4000-psi  apparent  stress. 

Following  the  ball  loaded  test,  the  poppet  was  clamped  to  the  piston  feet 
in  preparation  for  a  comparison  clamped-loading  test  in  simulation  of  the 
cycle  test  configuration.  Using  the  electrical  contact  equivalent  parallel 
plate  leakage  method,  the  poppet  was  determined  to  be  parallel  to  the  seat 
within  10  microinches.  However,  during  this  procedure  the  poppet  was 
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Stress-Leakage  Data  for  Test  Model  M  . , 


Test  1,  2  and  3 


purposely  rotated  relative  to  the  seat  under  what  was  thought  to  he  an 
insignificant  load  (electrical  contact  test  condition).  This  action,  as 
higher  than  anticipated  leakage  and  subsequent  microscopic  inspection  re¬ 
vealed,  galled  both  poppet  and  seat.  The  stress-leakage  data  (test  2  of 
Fig.  422),  with  one  to  two  orders  of  magnitude  increase  in  leakage  over  the 
ball  loaded  version,  is  indicative  of  such  damage.  However,  extrapolation 
of  test  2  data  indicates  potential  envelopment  of  the  damaged  area  with 
subsequent  contact  land  deformation  and  increase  in  width.  Disassembly  in¬ 
spection  revealed  both  poppet  and  seat  were  galled  in  a  circumferential 
streak  of  approximately  60  degrees  by  0.001-inch  wide  and  2  to  3  microinches 
high  as  shown  in  Fig.  194,  195?  aJid  196.  Metal  transfer  from  both  parts 
had  occurred. 

Assuming  both  surfaces  perfectly  parallel,  the  Hertz  deflection  at  l/2 
pound  load  is  less  than  1  microinch.  Since  these  surfaces  were  out  of 
parallel  by  several  microinches,  it  is  evident  that  the  initial  contact 
took  place  at  essentially  one  spot,  rupturing  the  protective  oxide  film. 

Once  a  wear  particle  was  thrown  up,  the  rolling  action  caused  by  the  ex¬ 
ternal  rotation  produced  additional  wear  particles.  As  the  interfacial 
distance  was  fixed  by  the  piston  adjustment  screw,  and  the  less  than  one 
microinch  roughness  provided  no  troughs  to  receive  particles,  the  result¬ 
ant  wedging  action  tended  to  promote  the  wear  process.  Repositioning  the 
screw  literally  mashed  the  minute  particles  down  into  the  surface  commen¬ 
surate  with  the  out-of-parallel  dimension  since  the  handwheel  system  is 
relatively  insensitive  to  these  light  loads. 

It  is  evident  that  failures  of  this  type  are  precipitated  by  the  mating 
surfaces  being  of  the  same  material  and  hardness.  Atomically  clean  steel 
surfaces  readily  weld  to  form  bonds  strong  as  the  parent  metal.  It  would 
appear  that  to  avoid  this  type  of  failure,  one  of  the  mating  surfaces 
should  be  made  from  a  completely  dissimilar  material  or  a  coating  provided 
which  readily  shears  leaving  the  base  material  intact.  Even  so,  damage 
would  have  resulted  probably  from  this  type  of  contact  loading. 

In  subsequent  test  5?  Model  was  retested  in  the  ball  loaded  condition. 
The  poppet  was  inadvertently  reoriented  such  that  the  two  galled  areas  were 
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adjacent  to  one  another  rather  than  directly  superimposed.  Thus,  while 
test  3  leakage  is  somewhat  higher  than  test  2  it  is  probable  that,  if  the 
damaged  areas  had  been  mated  (PTV  height  approximately  doubled),  an  even 
greater  leakage  rate  than  that  noted  would  have  occurred  in  the  low-stress 
region. 


Model  AA^,  O.3  AA  Tungsten  Carbide  Poppet  and  0.2  AA 
Crowned  440C  Seat,  Circular  Lay 

As  the  ball  vs  clamped  loading  tests  of  Model  M^  proved  inconclusive  be¬ 
cause  of  the  aforementioned  damage.  Model  AA^  was  selected  for  continuation 
of  this  investigation.  This  model  was  comprised  of  the  identical  poppet 
and  formerly  damaged  seat  of  Model  CC^. 

The  seat  (Fig.  197,  198,  and  199)  was  refinished  to  approximately  0.5- 
microinch  PTV  roughness,  but  had  six  cross-land  scratches  3  to  5  microinches 
deep  Eind  60  to  100  microinches  wide.  From  Fig..  200  the  crowned  condition 
was  assessed  as  7-0  to  20.0-inch  radius,  with  corner  and  crown  radii  de¬ 
pendent  on  the  crowned  land  width  assumed. 

Model  AA^  was  initially  tested  in  the  ball  loaded  condition  (test  l); 

Pig.  423  presents  the  test  results.  Also  shown  is  the  average  Hertz  stress 
curve  based  on  an  average  crown  radius  of  12.0  inches.  The  poppet  was 
then  assembled  in  the  clamped  position,  oriented  to  the  seat  such  that  a 
net  out-of-parallel  condition  of  6.4  microinches  PTV  existed  at  the  0,500- 
inch  seating  diameter  (l.l  microinches  poppet  and  seat  roughness,  plus 
5.3  microinches  total  measured  individual  part  parallelism  deviation). 
Electrical  contact  tests  indicated  an  equivalent  parallel  plate  gap  of 
approximately  10  microinches.  This  value  was  indicative  of  excellent 
assembly  and  cleanliness  conditions  which,  in  fact,  were  sufficient  to 
negate  the  primary  test  purpose.  Stress  leakage  test  data  so  closely 
matched  the  ball  loaded  results  that,  for  clarity,  they  are  not  plotted 
in  Fig.  423.  (For  evaluation  of  out-of-parallel  clamping  effects  see 
Cycle  Test  Models  and  X^.) 
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10  10 
Nitrogen  Leakage,  scim 

Stress-Leakage  Data  for  Test  Model  AA^,  Test  1 


As  with  other  tungsten  carbide  poppet  models,  AA^  sealing  capability  was 
limited  by  the  pitted  poppet  surface  texture.  This  is  illustrated  by 
comparison  with  crowned  Model  Mj,  having  similar  texture  (including  a 
minor  pitted  condition  as  previously  described).  At  200-psi  stress  both 
models  leak  at  nearly  the  same  rate.  However,  as  stress  is  increased, 
Model  M^  evidence  a  faster  closure  rate  even  though  it  is  less  load  com¬ 
pliant  (crown  radius  smaller  than  that  of  AA^),  hence  develops  land  width 
at  a  lesser  rate  than  AA^.  At  2000  psi,  Model  M^  leaks  on  order  of  magni¬ 
tude  less  than  AA^,  and  the  difference  increases  even  more  with  additional 
stress . 


Conservatively  assuming  all  seat  scratches  at  5  microinches  deep  and  100 
microinches  wide  yields  a  scratch  leakage  at  an  apparent  stress  of  5580 
psi  of  7.5  X  10^  scim  (calculated  land  width  of  0.020  inch,  12.0-inch  crown 
radius).  This  represents  approximately  28  percent  of  the  total  leakage 
measured  and,  if  subtracted  from  the  total,  would  influence  the  stress- 
leakage  curve  somewhat.  However,  the  scratch  leakage  would  -assume  much 
greater  importance  if  the  pitted  poppet  condition  (causing  relatively  high 
leakage)  did  not  exist. 

Model  AAj  seat  configuration  may  be  interpreted  as  having  an  average  radius 
or  a  nearly  flat  center  section  with  relatively  large  radius  and  dubbed, 
small  radius  outer  (ID  and  OD)  sections.  Assessment  of  this  composite 
geometry  led  in  part  to  preparation  of  the  parametric  data  presented  in 
Fig.  5^  and  35?  Seating  Analysis  section.  Figure  3^  illustrates  the  Hertz 
contact  analysis  for  a  cylinder  on  a  flat  plate  for  a  seat  model  of  nominal 
dimensions  as  noted  (sufficiently  similar  to  AA^  seat  for  comparison). 

From  this  data,  contact  land  width  as  a  function  of  radius  can  he  obtained 
for  any  given  model  load  (apparent  stress).  Figure  35  presents,  in  similar 
fashion,  contact  land  width  variations  for  a  model  having  a  center  land 
flat  of  0.010  inch.  As  previously  noted,  AA^  seat  contact  radii  varied 
from  about  20  inches,  taken  over  a  0.010-inch  center  land  section,  to 
approximately  7  inches  when  nearly  the  whole  land  width  was  included. 
Assuming  the  center  0.010-inch  section  to  be  flat,  the  corner  radius-was 
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dotermined  to  be  2.25  inches.  From  this  information  and  the  graphical 
data  of  Fig,  yi  and  35 j  the  following  contact  land  width  and  stress  values 
were  computed  (appropriate  correction  for  material  difference  has  been 
appl ied) . 


Apparent  Seat  Stress 

,  psi 

300 

1000 

3000 

10,000 

Hertz  Contact  Land  Width,  inch 

H  =  20 

0.00603 

0.0110 

B.  =  7 

0.0114 

0.0208 

Hertz  Contact  Stress,  psi 

C7  ave 

1490 

2730 

7889 

14,400 

cr  max  =  a 

c: 

1900 

3480 

10,040 

18,340 

Flat  Contact  Land  Width,  inch 

0.0110 

0.0124 

0.0144 

0.0194 

Flat  Contact  Stress,  psi 

O'  ave 

818 

24‘20 

6250 

15 , 460 

0*  max  =  O' 

e 

5020 

O  min 

1790 

Consideration  of  the  above  data  with  respect  to  Model  seat  geometry 

indicates  that  the  Hertz  contact  land  width  and  stress  values  are  correct 
probably  up  to  the  3t*00-psi  apparent  stress  level.  Beyond  this  point  the 
assumed  center  flat  configuration  yields  the  most  meaningful  data.  There 
is,  however,  relatively  good  correlation  between  land  width  and  stress 
values  of  both  methods  above  the  1000-psi  apparent  stress  level.  The  max- 
imura-rainimun  contact  stress  values  tabulated  are  based  on  the  stress  dis¬ 
tribution  pattern  generated  by  the  two  analogies,  i.e.,  semi-cylindrical 
shape  for  the  Hertz  contact  and  U-shaped  (with  peak  stress  at  the  edges 
of  land  contact)  for  the  center  flat  assumption.  Inasmuch  as  both  methods 
yield  reasonably  close  results,  the  Hertz  contact  condition  (for  an  average 
1‘2.0-inch  radius  extending  over  the  center  0.020-inch  portion  of  the  land 
with  transition  to  OD  and  10  corner  radii  of  about  0.7  inch)  is  shown  in 


DATA  COMPARISON  AND'  CORRELATION 


The  flat  model  surface  texture  evaluation  tests  have  demonstrated  a 
general  correlation  with  the  simplified  analyses  of  seat  roughness  closure 
over  limited  ranges  of  seat  load.  Because  of  the  naturcJ  occurrence  of  a 
multiplicity  of  surface  variables  rather  than  a  single  geometry,  it  was 
further  shown  that  absolute  load  is  a  significant  parameter  in  establish¬ 
ing  the  overall  leakage  characteristic.  This  was  evident  in  the  case  of 
lovv^  loads  (below  1000-psi  apparent  stress,  or  hj  pounds)  where  waviness, 
taper,  or  nodules  often  influenced  the  leakage  gap,  and  at  high  loads 
(above  10,000  psi,  or  430  pounds)  where  radial  scratches  or  pits  sometimes 
comprised  the  significant  leak  path.  The  effect  of  load  dependence  must 
be  considered  in  the  application  of  the  apparent  seat  stress  parameter  as 
very  small  or  large  seats  could  have  large  deviations  from  the  results 
presented  herein. 

Although  measurements  were  recorded  for  waviness  and  taper,  the  location 
of  each  nodule  which  might  contribute  to  low'-strcss  leakage  was  beyond 
the  scope  of  the  program  inspection  capabilities.  Moreover,  inacurracies 
inherent  in  limited  surface  texture  measurements  tend  to  relegate  these 
measurements  to  a  more  or  less  comparative  position.  Consequently,  the 
stress-leakage  test  is  the  sole  accurate  criterion  of  the  composite  inter¬ 
facial  gap  characteristic.  This  applies  to  all  surface  textures  including 
circular  lay.  The  basic  problem  in  interpreting  stress-leakage  data  is 
the  identification  of  the  significant  geometric  characteristic  over  any 
given  load  range.  For  example,  tw'o  quartz  optical  flats  (near  zero  rough¬ 
ness)  which  literally  w'eld  if  w'rung  together  w'ould  require  some  load  to 
obtain  a  closure  when  initially  separated  by  contaminant  particles.  For 
this  case,  roughness  or  w'aviness  measurements  and  apparent  seating  stress 
would  be  meaningless  since  the  resultant  gap  would  be  a  function  of  particle 
distribution  and  the  local  defornuition  characteristics.  The  same  analogy 
exists  w'ith  machined  metal  surfaces  more  or  less  depending  upon  the  uni¬ 
formity  of  the  surface  texture.  Unfortunately,  where  the  stress-leakage 
characteristic  is  significantly  influenced  by  nodules  or  contamination, 
their  identification  by  microscopic  inspection  methods  is  tedius  and 
difficult  since  existing  techniques  normally  view  (at  high  magnification) 
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only  a  small  percentage  of  the  total  seating  area.  Moreover,  if  contamina¬ 
tion  is  present,  the  elastic  relaxation  and  separation  of  the  interface  may 
dislodge  or  move  the  particles  changing  the  characteristic.  In  view  of 
these  observations,  the  stress— leakage  curves  must  be  considered  as  primary 
data  defining  the  overall  interfacial  gap  for  each  model.  Inspection  data, 
therefore,  provides  a  means  for  comparing  potential  seating  characteristics 
on  a  numerical  basis  but,  perforce,  only  superficially.  (Seating  surfaces 
should  never  be  accepted  or  rejected  on  the  sole  basis  of  either  inspection 
or  test  data,  but  a  combination  of  both.) 

Comparison  of  the  stress-leakage  characteristics  for  all  significant  ball 
joint  loaded  flat  models  is  shown  in  Fig.  424.  These  curves  represent  the 
final  test  increasing  load  condition.  Since  all  models  have  nearly  the 
same  land  width,  and  stress  is  based  upon  either  the  flat  or  total  width, 
the  stress  ordinate  also  represents  load.  Overlayed  on  these  curves  is 
computed  parallel  plate  model  leakage  curve  (h  )  which  may  be  employed  as 
a  dimensional  reference  to  relative  gaps.  Also  included  with  the  surface 
texture  evaluation  model  curves  are  those  from  flat  models  discussed  later 
which  offer  significant  contributions  for  empirical  correlation;  refer  to 
Table  4  and  the  Table  of  Contents. 

All  initial  turned  models  0^,  Nj>  Rj,  and  were  tapered  such  that  unknown 
land  width  variations  with  load  occurred.  Also,  each  model  was  loaded  to 
a  plastic  flow  condition  at  the  seat  OD.  Consequently,  these  models  cannot 
be  directly  compared  with  the  other  essentially  flat  models.  It  is  signi¬ 
ficant  to  note,  however,  that  the  smoother  of  these  models  (N  and  S„) 

-4  .  .  ^  ^ 

reached  leakages  below  10  scim  which  indicates  the  potential  of  turned 

surfaces  provided  they  can  he  made  flat.  As  later  described,  Model 

(turned  similar  to  N^,  hut  flat  within  10  microinches)  exhibited  the  same 

shutoff  slope  as  lapped  circular  lay  models.  Even  though  3  times  rougher 

than  typical  0.8-microinch  AA  unidirectional  diamond  lapped  models,  at 

1000-psi  stress  Model  NN^  leakage  was  comparable  to  the  lapped  models, 

and  by  10,000  psi,  was  further  reduced  by  a  factor  of  10. 

Although  of  considerably  rougher  texture,  ground  models  A^  and  offer 
similar  comparisons.  It  can  be  seen  that  circular  ground  Model  A^  is 
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capable  of  achieving  a  nearly  complete  shutoff  condition,  whereas  unidi¬ 
rectional  ground  Model  exhibits  the  usual  stiff  shutoff  characteristic 
of  all  multidirectional  and  unidirectional  lay  surfaces. 

Lapped  models  comprise  the  remainder  of  those  shown  in  Fig.  424.  Multi¬ 
directional  lay  Models  C  and  D  are  undoubtedly  rougher  than  would  be  en¬ 
countered  normally  in  practice,  however,  they  are  presented  for  basic 
correlation.  Model  B  (also  multidirectional)  represents  the  typical  2- 
microinch  AA  matte  finished  surface  used  in  many  valves.  With  finer  com¬ 
pounds,  a  reduced  PTV  roughness  could  be  achieved  as  exemplified  by  machine 
optical  polishing  techniques.  However,  such  methods  are  not  employed 
commonly,  whereas  diamond  lapping,  as  described  herein,  provides  a  relatively 
rapid  method  for  achieving  fine  surfaces  which  are  capable  of  lower  leakage 
than  the  common  multidirectional  finishes.  The  basic  parameter,  however, 
is  the  PTV  roughness.  As  indicated,  circular  lay  surfaces  have  10  to 
1000  times  less  leakage  than  models  of  similar  unidirectional  lay  roughness. 

Model  M^^  demonstrates  the  basic  advantage  of  the  crowned  configuration 
in  evenly  concentrating  the  load  in  an  area  free  from  edge  discontinuities. 
Where  low  loads  are  involved,  proper  edge  radius  and  duboff  offer  signifi¬ 
cant  advantage. 

In  view  of  the  overriding  influence  of  roughness,  little  effect  of  the 
material  parameter  was  observed  other  than  the  physical  resistance  to 
plastic  deformation.  Wliere  only  elastic  roughness  deformation  is  in¬ 
volved,  it  is  reasonably  certain  that  tungsten  carbide  would  require  con¬ 
siderably  more  load  to  achieve  a  given  leakage  than  aluminum.  However, 
no  such  direct  comparisons  could  be  made  and,  therefore,  the  parametric 
data  presented  in  the  Seating  Analysis  section  must  serve  as  a  comparative 
measure  of  this  parameter.  It  should  be  noted,  however,  that  unanodized 
aluminum  may  serve  well  in  crush  gasket  applications,  but  for  multiple 
seating  it  is  entirely  unsatisfactory  because  of  low  hardness  and  poor 
abrasion  resistance. 

Numerical  comparison  of  the  flat  models  is  shown  in  Table  7.  The  purpose 
of  this  tabulation  is  to  correlate  the  PTV  parameter  (h)  with  leakage; 
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Figure  424.  Stress-Leakage  Data  for 
Flat  Test  Models 
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therefore,  models  having  crowned  surfaces  or  significant  pits  are  omitted. 
Roughness  values  (indicated  as  f  h)  are  taken  from  Table  4;  as  noted,  cir- 
cxilar  lay  values  are  halved  in  accordance  with  the  analytical  model 
described  in  the  Seating  Analysis  section.  Evaluation  of  the  apparent 
stress  level,  corresponding  to  the  sinusoidal  model  surface,  is  obtained 
next  from  the  h  curve  of  Fig.  424  with  test  lealcages  following.  As  shown, 
the  measured  roughness  gap  is  reached  for  most  models  between  JQO  and  600 
psi,  indicating  the  relative  level  of  nodule,  waviness,  and  taper  influence. 


Empirical  equations  describing  the  multidirectional  or  crossed  unidirection 
lay  surfaces  and  the  circular  lay  surfaces  are  based  upon  the  laminar  flow 
equation.  Since  leakage  over  a  limited  span  follows  a  nearly  constant 
inverse  relationship  with  apparent  stress, 


these  relationships  may  be  combined  in  a  single  equation  for  leakage  between 
5OO-  and  20,000-psi  apparent  stress.  For  unidirectional  lay  surfaces 
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and  for  circular  lay  surfaces 

2  X  10^  D  h^  (P  ^  -  P 

n  - _ ^ 

Q  _ 

M  LTS^^ 

where  the  terms  and  units  previously  defined  still  apply.  It  should  he 
noted  that  (h)  represents  the  sum  of  the  PTV  dimensions  for  both  poopet 
and  seat,  whereas  (h)  in  the  equation  for  (Q^)  is  one-half  of  (h) . 

As  shown  in  Table  7,  these  equations  adequately  describe  a  wide  range  of 
data  within  nearly  a  factor  of  2.  Exceptions  exist  primarily  in  the  cir¬ 
cular  lay  models  where  slopes  in  excess  of  3/2  (Models  and  NN^)  were 
obtained.  Indepedent  of  test  data  these  equations  should  be  capable  of 
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EMPIRICAL  CORRELATION  OP  SLTl 


Test 

Model 

2h  From 
Inspection 
Data, 
microinch 

0.6s  Lb 

mlcrolnch 

"S"  Corresponding 

to  h  , 

P 

psi 

A 

* 

20  ^ 

13.6 

760 

f 

®f 

14 

17.7 

320 

B 

11 

7.5 

1100 

C 

28 

19 

410 

D 

38 

26 

1200 

®fl 

1.65* 

1.1 

340 

^fl 

3.5 

2.4 

280 

^f 

2.9 

2.0 

250 

1.6 

1.1 

540 

®fl 

0.75* 

0.51 

640 

3.6 

2,4 

300 

3.3 

2.2 

310 

''f 

2.4 

1.6 

280 

3.4 

2.3 

390 

NN^ 

6.0* 

4.1 

600 

HHf 

1.4* 

0.95 

450 

*Sh/2  for  circular  lay  surfaces 

**ATerage  short  period  wavlness  added  to  roughness 
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TABLE  7 

FACE  ROUGHNESS,  LEAEiAGE,  AND  SEAT  STRESS 


Test  Q,  scim  at  Stress, 

S,  psi 

Calculated  Q,  scim 
S,  psi 

at  Stress, 

500 

1000 

10,000 

500 

1000 

10,000 

14 

6.8 

0.23 

10 

3.6 

0.11 

8.1 

5.5 

1.1 

3.1 

2.0 

0.42 

3.0 

1.9 

0.31 

1.5 

0.95 

0.21 

22 

15.6 

4.5 

25 

15.7 

3.4 

76 

62 

19 

63 

39.4 

8.5 

6.0  X  10"^ 

2.1  X  10"^ 

7.7  X  10"^ 

5.7  X  10~^ 

2.0  X  10“^ 

6.4  X  10“^ 

4.4  X  10  ^ 

2.9  X  10"^ 

7.2  X  10"^ 

4.9  X  10"^ 

3.1  X  10“^ 

6.6  X  10  ^ 

2.4  X  10“^ 

1.4  X  10“^ 

2.7  X  10"^ 

2.8  X  10“® 

1.7  X  10"^ 

3.8  X  10“^ 

1.0  X  10“^ 

3.0  X  10"^ 

6.4  X  10 

4.7  X  10"^ 

2.9  X  10“^ 

6.4  X  10  ^ 

3.7  X  10"^ 

6.2  X  10“^ 

— 

5.4  X  10"^ 

1.9  X  10“^ 

6.0  X  10"^ 

4.9  X  10~^ 

3.0  X  10“^ 

6.4  X  10“^ 

5.3  X  10“^ 

3.3  X  10“^ 

7.2  X  10“^ 

3.7  X  10"^ 

2.1  X  10"^ 

3.8  X  10"^ 

4.1  X  10“^ 

2.6  X  10'^ 

5.6  X  10”^ 

1.3  X  10"^ 

7.7  X  10“^ 

1.7  X  10“^ 

1.6  X  10“^ 

9.9  X  10~^ 

2.1  X  10“^ 

5.1  X  10“^ 

3.1  X  10“^ 

9.6  X  10“^ 

4.5  X  lO"^ 

2.8  X  10“^ 

6.0  X  10“^ 

0.50 

5.1  X  10“^ 

4.0  X  10“^ 

0.50 

1.8  X  10“^ 

5.6  X  10“^ 

1.6  X  10“^ 

5.0  X  10"^ 

1.0  X  10"^ 

2.2  X  10"^ 

7.8  X  10“^ 

2.5  X  10“^ 

predicting  leakage  vithin  a  factor  of  10.  With  circular  lay  surfaces, 
indications  are  that  niucb  lower  leakage  than  predicted  niay  he  obtained. 

Ivith  loads  less  than  43  pounds,  the  effects  of  nodules,  waviness,  and  taper 
become  increasingly  important;  therefore,  the  incidence  of  these  variables 
may  drastically  affect  the  final  results.  Although  unlikely  that  other 
regimes  of  flow  will  be  encountered,  the  existance  of  leiminar  flow  should 
be  proved  following  the  methods  established  in  the  Flow  Analysis  section. 
Due  to  the  configuration  of  most  surfaces,  the  transition  to  molecular 
flow  will  probably  be  below  that  noted  herein.  Considering  the  roughness 
of  the  empirical  equations,  omission  of  the  molecular  component  causes 
negligible  error.  However,  for  flows  below  10  scim,  leakage  may  follow 
the  molecular  curve  and,  in  which  case,  would  be  greater  than  predicted. 
Considering  the  overriding  influence  of  PTIT  dimensions  in  controlling 
leakage,  the  performance  of  a  test  is  the  only  way  to  determine  accurately 
the  stress-leakage  characteristic  for  any  given  poppet  and  seat. 
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CIECULAR  LAY  ECCENTRICITY  EVALUATION 


As  previously  shown,  the  stress-leakage  performance  of  circularly  finished 
models  reflected  a  pronounced  improvement  over  the  unidirectional  and 
multidirectional  lay  versions.  However,  while  the  circular  lays  w^ere 
estimated  concentric  within  0.0010  inch  as  tested,  the  exact  degree  of 
eccentricity  was  unknown.  Furthermore,  both  poppets  and  seats  were  fin¬ 
ished  in  the  same  rotary  and  cross-feed  direction  with  the  resultant  match 
(one  of  opposing,  fine-pitch  spirals,  rather  than  a  mirror  image).  To 
define  precisely  the  potential  performance  capability  of  the  circular  fin¬ 
ish  and  the  effect  of  the  lay  eccentricity  parameter  on  this  performance, 
two  additional  models  were  fabricated  and  tested. 


FARRI CATION  AND  TEST  PROCEDURES 


One  turned  and  one  lapped  model  were  used  in  the  investigation.  For  these 
models,  poppets  and  seats  were  finished  in  opposite  directions  such  that, 
when  assembled,  a  mirror-image  lay  match  resulted.  Additionally,  both 
poppet  and  seat  were  fabricated  with  the  lay  eccentric  to  the  OD  or  guide 
diameter  by  0.001  inch  nominal  (O. 002-inch  TIR).  Thus,  the  parts  could 
be  assembled  in  the  tester  and,  by  rotating  poppet  relative  to  seat,  vari¬ 
ous  degrees  of  eccentricity  from  0  to  0.002  inch  established.  The  follow¬ 
ing  paragraphs  delineate  the  fabrication  and  test  procedures  followed. 


Model  Fabrication 

Prior  to  finishing,  poppet  and  seat  guide  diameters  were  witness -marked 
with  ~  0.0005-inch-wide  scribe  lines  to  permit  setup  of  0.001-  and  0.002- 
inch  lay  eccentricities.  The  necessary  angular  relationship  was  determined 
in  the  following  manner. 
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Eccentricity 
e,  inch 

0.001 

0.002 


e, 

degrees 

60.00 

180.00 


Additional  witness  marks  90  degrees  from  the  zero  reference  point  were 
established  for  lathe  setup  purposes.  All  marks  were  accurate  within 
0.2  degree. 

Parts  were  then  set  up  in  a  Ilardinge  lathe.  Using  a  Cleveland  electronic 
indicator,  the  OD  was  made  0.001  inch  eccentric  (within  ±10  microinches) 
to  the  lathe  spindle  centerline  with  the  high  and  low  points  at  the  0  and 
180  degree  marks,  respectively.  Similarly,  the  90  degree  points  were 
adjusted  to  run  true  w'ithin  ±5  microinches.  Finishing  operations  were 
carried  out  with  the  rotation  and  feed  directions  shown  below. 
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The  turned  version,  Model  NN„,  was  a  rework  of  former  Model  N„,  and  was 

1  f  ’ 

fabricated  in  the  same  general  manner  as  the  latter  although  NN^  lay 
pitch  was  smaller  at  O.OOO3I  inch.  As  with  other  turned  models,  the  ter¬ 
minating  burr  at  the  OD  proved  difficult  to  eliminate.  This  burr,  origi¬ 
nally  about  JO  microinches  high  on  Model  NN^,  was  reduced  in  two  steps. 

A  corner  break  was  first  applied  with  600-grit  sandpaper  followed  by  a 
final  radius  operation  using  a  micarta  lap  and  4-  to  8-micron  diamond  com¬ 
pound.  Additionally,  poppet  and  seat  were  lightly  polished  with  0-  to 
l^nicron  diamond  compound  on  Kleenex,  while  turning  in  the  lathe.  This 
improved  reflectivity  without  changing  the  PTV  dimensions. 

The  lapped  model,  HH^  (formerly  refinished  similar  to  Model  B^. 


Test  Setup  and  Procedures 

Stress-leakage  testing  was  initiated  in  the  cycle  tester  which,  with  only 
50  microinches  piston-body  diametral  clearance,  minimized  this  potential 
eccentricity  error.  The  unit  was  set  up  in  an  inverted,  upright  position 
with  the  dashpot  disconnected.  As  discussed  later,  however,  a  severe  con¬ 
tamination  problem  was  encountered  and  testing  was  shifted  to  the  static 
tester.  With  the  latter  unit,  low  friction  of  the  smaller  handwheel  screw 
permitted  reasonably  accurate  low-stress  testing  (balance  pressure  to 
100  psi).  In  this  manner,  contamination  effects  could  be  detected  before 
the  test  model  was  damaged.  All  reported  tests  involved  a  300-psig  bal¬ 
ance  pressure  check  and  at  least  one  low-stress  leakage  point. 

iVn  alignment  jig  (Pi  g.  was  made  to  locate  poppet  and  seat  witness 

marks  relative  to  one  another.  Vertical  misalignment  between  the  jig 
pointers  as  installed  on  the  tester  was  less  than  O.OOO5  inch.  Visual 
alignment  of  pointer  and  witness  mark  was  accurate  to  0.010  inch  total. 

Two  basic  errors  contributing  to  potential  deviations  from  the  zero  or 
concentric  lay  position  were  considered.  The  first  was  angular  alignment 
which  included  electronic  indicator  sensitivity  and  witness  mark  location 
in  both  the  lathe  and  tester.  This  total  eccentric  error  was  1.95  degrees 
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Figure  425.  Static  Tester  With  Alignment  Jig  Setup 
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or  only  35  microinches  and  was  submerged  by  eccentricity  allowed  by 
tester  and  model  parts  diametral  clearances.  In  the  latter  case,  result¬ 
ant  eccentricity  could  be  up  to  0.0008  inch.  Assuming  that  nodular  asper¬ 
ities  and  the  "floating-centering"  motion  applied  during  assembly  precluded 
full  diametral  clearance  shift,  it  is  estimated  that  the  zero  position 
included  a  basic  eccentricity  error  of  0.0001  to  0.0005  inch. 

Test  procedures  deviated  somewhat  from  previously  described  static  test¬ 
ing.  To  minimize  initial  hysteresis  effects,  following  the  low-stress 
check  points  the  models  were  load  cycled  to  20,000-psi  stress  three  times 
prior  to  1000-psig  nitrogen  pressure  stress-leakage  tests.  The  zero  posi¬ 
tion  was  tested  first,  followed  by  sealing  surface  separation  and  poppet 
rotation  to  the  0.001-  or  0.002-inch  eccentric  point  with  final  return  to 
the  zero  position. 


TEST  RESULTS 

Initial  test  attempts  in  the  cycle  tester  were  invalid  because  of  a  metal¬ 
lic  contamination  problem  heretofore  unencountered.  While  schedule  and 
fund  commitments  precluded  determination  of  the  contaminant  source,  it  is 
suspected  that  pockets  of  accumulated  debris  were  disturbed  when  the 
setup  was  moved  and  the  tester  inverted.  Additionally,  the  nitrogen  bot¬ 
tle  first  used  to  blow  off  sealing  surfaces  was  found  to  be  oil  contami¬ 
nated,  a  condition  for  which  the  0.5-micron  filter  employed  proved 
ineffective.  As  a  consequence,  the  lapped-model  sealing  surface  fabri¬ 
cated  originally  was  destroyed,  necessitating  fabrication  of  a  second 
model.  The  turned  version,  while  damaged,  was  reworked  by  light  rotary 
polishing  with  1-  to  5-micron  diamond  compound  on  Kleenex  to  remove 
embedded  particles,  and  re-turning  was  not  necessary.  With  the  transfer 
of  testing  to  the  static  tester  and  replacement-cleaning  of  the  blowoff 
system,  no  further  contamination  problems  occurred. 
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Model  NN^,  2  AA  Lathe  Turned  17-4  PH  Poppet  and  Seat 

Model  NNj  surpassed  all  other  turned  models  from  a  roughness  and  geometry 
consideration.  Both  poppet  and  seat  exhibited  a  net  PTV  roughness  level 
of  approximately  6  microinches  (Pig.  205  and  206)  and,  for  the  most  part, 
were  flat  within  5  microinches.  Figures  207  and  208,  which  show  also 
nearly  identical  land  widths,  illustrate  the  OD  hump  of  approximately 
8  microinches  remaining  after  corner  burr  polishing.  ¥ith-lay  waviness 
on  the  order  of  5  to  10  microinches  PTV  was  also  evident  (Fig.  209). 

While  the  previously  noted  polishing  removed  the  bulk  of  contamination 
incurred  during  initial  testing,  one  large  particle  remained  in  the  seat. 
This  particle  was  selectively  lapped  and  removed  under  100-power  magni¬ 
fication.  A  sharpened  wire,  attached  to  an  adjustable  stand  and  lowered 
onto  the  contaminated  area,  was  used  as  a  lap  with  the  seat  resting  on 
the  microscope  micrometer  stage.  Using  1-  to  5-inicron  diamond  and 
reciprocating,  with-lay  stage  motion,  the  particle  was  removed  with  min¬ 
imum  disturbance  to  adjacent  areas.  Figure  210  shows  the  lapping  oper¬ 
ation,  while  in  Fig.  211  the  resultant  depression  is  visible. 

Following  the  cleaning  operation.  Model  NN^  was  subjected  to  a  series  of 
stress-leakage  tests  shown  in  Fig.  426,  The  plots  on  this  figure  repre¬ 
sent  a  departure  from  general  procedures  in  that  each  sfiries  of  symbols 
indicates  an  individual  test  (sealing  surfaces  separated).  Test  1  estab¬ 
lished  the  zero-position  characteristic  and  is  plotted  (circles)  in  its 
entirety.  For  clarity,  only  the  increasing  load  points  of  subsequent 
tests  are  shown.  These  included  checks  at  eccentricities  of  0.0020, 
0.0000  (repeat),  0.0010  and  0.0020  inch  (repeat),  noted  as  tests  2 
through  5,  respectively.  As  the  0.0020-inch  eccentric  test  data  so 
closely  matched  that  of  the  zero  position,  only  a  check  point  was  taken 
at  the  0.0010-inch  setting. 

Since  the  limiting  condition  of  0.0020-inch  eccentricity  failed  to 
demonstrate  a  significant  eccentricity  parameter  up  to  10, OOO-psi  stress, 
tests  3  and  5  were  performed.  With  20, 000— psi  maximum  stress  check 
points,  these  tests  (at  0.0000  and  0.0020  inch)  also  indicated  little 
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Figure  426,  Stre8s.-Leakage  Data  For  Test  Model  NN^ 
Tests  1  Through  5 


difference  in  performance,  although  a  slight  increase  in  leakage  was  evi¬ 
dent  in  the  maximum  eccentric  position  as  shown  in  Fig.,  426. 

While  an  indication  of  eccentricity  effects  on  sealing  performance  had 
keen  expected  from  Model  NN^,  it  is  prohahle  that  any  such  effect  was 
submerged  by  sealing  surface  deviations.  Sealing  stre£;s  was  obviously 
concentrated  at  the  OD  because  of  the  aforementioned  raised  hump  on  both 
poppet  and  seat.  Furthermore,  the  with-lay  waviness,  particularly  in 
depressed  areas,  provided  radial  leakage  paths.  Also,  from  Fig.  205  and 
206,  the  spiral  pitch  is  imperfect,  possibly  causing  an  irregular  overlay 
of  peaks. 

From  a  general  performance  standpoint,  however,  Model  NN^  reflected  a 
significant  improvement  over  its  former  configuration,  N^.  Leakage  at 
10, 000-  and  lOOO-psi  stress  was  approximately  I-I/2  and  2  orders  of  mag¬ 
nitude,  respectively,  better  than  .  Thus,  while  further  manufacturing 
investigations  would  be  necessary  to  develop  consistent  surface  capa¬ 
bility  on  a  production  basis,  the  turned  surface  offers  considerable 
promise  for  valve  seats. 

Model  HHj,  O.5  AA  440C  Poppet  and  Seat 

Model  IIHj  poppet  and  seat  were  reworked  from  the  Model  configuration 
by  directly  eccentric  circular  lapping  over  the  former  surface  without 
prefinishing.  Poppet  PTV  roughness  was  1.1  microinches  (Fig.  212),  while 
the  seat  (Fig.  213)  was  slightly  rougher  at  1.5  microinches.  The  poppet 
land  width  was  not  reduced  to  equal  that  of  the  seat. 

As  illustrated  by  Fig.  214  and  215,  poppet  and  seat  lands  were  slightly 
tapered  with  the  seat  OD  and  poppet  ID  high.  A  seating  mismatch  of 
approximately  1  microinch  (0.002  degree)  resulted.  While  this  error  was 
nearly  canceled  by  the  opposite  direction  tapers,  the  cause  of  the  tapered 
condition  is  unknown.  Some  rolling  compound  pitting  occurred  and  may  be 
noted  in  the  preceding  figures.  A  more  minute  pitting  characteristic  is 
evident  in  the  with-lay  photograph  (Fig.  2l6). 
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Figure  427  presents  the  test  results  obtained  with  Model  .  For  clarity 
as  with  Model  NN^,  the  initial  zero  position  stress-leakage  curve  is  com¬ 
pletely  plotted.  Only  the  increasing  load  points  for  the  subsequent  eccen¬ 
tric  positions  of  0.001  and  0.002  inch  and  the  final  zero  return  check  are 
shown. 

The  resultant  stress-leakage  performance  above  700-psi  stress  was  sur¬ 
passed  only  by  Models  and  M^^.  Again,  as  with  Model  NN^,  there  was 
no  predominant  lay  eccentricity  parameter  evident,  and  it  is  possible 
that  pitch  irregularity  combined  with  pitting  roughness  submerged  any 
potential  lay  eccentricity  parameter.  With  the  basic  tester  assembly 
errors  it  is  also  possible  that  no  test  was  performed  with  concentricity 
better  than  0.0005  inch. 

DATA  jlNALYSIS 

It  is  apparent  from  the  test  results  that  parameters  in  addition  to  those 
normally  recorded  had  a  more  predominant  role  in  effecting  closure  than 
lay  eccentricity.  The  repeat  of  zero  position  data  ensured  the  validity 
of  the  test  method  and  results,  therefore,  these  data  are  considered  reas¬ 
onably  conclusive  for  the  models  tested.  This  is  not  to  say  than  an  eccen¬ 
tricity  parameter  does  not  exist.  It  is  obvious  that  for  the  perfectly 
flat  and  concentric  model  assumed  to  have  zero  roughness  with-lay,  the 
leakage  for  concentric  circles  would  be  zero.  With  mirror  image  spirals, 
leakage  would  result  from  the  spiral  scratch  which,  due  to  extreme  length, 
w'ould  be  negligibly  small.  As  this  hypothetical  model  was  made  eccentric, 
leakage  would  be  expected  to  increase  gradually  for  a  fixed  set  of  condi¬ 
tions;  first,  due  to  an  opening  of  the  sinusoidal  gap,  and  second,  because 
of  increased  contacts.  Although  the  equations  for  load  deformation  were 
developed  in  the  Seating  Analysis  section,  parametric  data  for  the  l/2— inch 
seat  model  was  not  computed;  therefore  the  variation  in  deformation  rate, 
(stiffness)  with  eccentricity  is  not  loiown.  Consequently,  it  is  possible 
that  the  interrelationship  between  eccentricity  and  stiffness  is  such 
that  for  eccentricities  greater  than  the  radial  roughness  wavelength,  the 
increase  in  number  of  contacts  compensates  the  reduced  stiffness  of 
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Figure  427.  Stress-Leakage  Data  For  Test  Model 
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individual  contacts  resulting  from  increased  intersection  angle.  Such 
was  the  case  in  the  comparison  between  the  circular  and  crossed  lay 
models  inhere  the  much  greater  number  of  crossed  lay  contacts  resulted  in 
less  deformation  and  thus,  a  greater  leakage  gap  for  a  given  load. 

For  the  models  evaluated,  two  conditions  are  hypothesized  which  could 
have  obviated  the  lay  parameter.  As  previously  noted,  zero-position 
eccentricity  of  up  to  0.0008  inch  was  possible  and  thus,  with  eccentricity 
potentially  greater  than  wavelength,  the  crest  intermesh  expected  to  give 
lower  leakage  might  not  have  been  tested. 

Second,  interference  photos  indicated  both  roughness  (though  very  small) 
and  waviness  with  lay,  which  may  have  submerged  any  benefits  of  lay  con¬ 
centricity.  This  is  particularly  true  if  the  roughness  with-lay  was 
comprised  of  pits  only  a  microinch  deep,  but  of  equally  small  diameter 
(say  10  microinches)  which  would  not  be  detected  by  visible-light  micro¬ 
scopic  means.  Examination  of  these  surfaces  by  reflection  electron 
microscopy  techniques  would  answer  possibly  this  last  question. 

In  view  of  the  results,  however,  it  must  be  concluded  that,  for  the  model 
surfaces  and  degree  of  eccentricity  investigated,  circular  lay  mismatch 
causes  no  significant  change  in  performance  characteristics. 


CONICAL  AND  SPHERICAL  MODEL  EVALUATION 


This  portion  of  the  test  program  was  devoted  to  investigation  of  the  stress- 
leakage  characteristics  for  commonly  used  cone  and  sphere  seating  geom¬ 
etries.  For  comparison  purposes,  all  conical  and  spherical  seats  had, 
nominally,  the  same  mean  diameter  as  the  flat  models  and,  with  two  excep¬ 
tions,  the  same  land  width  as  their  flat  counterparts.  (One  model  seat 
of  each  type  had  a  O.OO^-inch  land.)  All  models  were  made  of  440C  steel 
with  surface  roughness  of  approximately  1-microinch  AA  or  less.  Nominal 
seating  angles  of  20,  33 i  and  41  degrees  for  both  conical  and  spherical 
models  were  tested.  As  noted  in  the  general  test  procedures,  poppets 
rested  directly  on  the  tester  piston  loading  feet  on  an  EP  oil  film  to 
facilitate  axial  alignment.  Otherwise,  test  procedures  were  identical  to 
those  employed  for  clamped  flat  model  static  testing,  including  the  capa¬ 
bility  of  electrical  contact  tests  to  indicate  closure  precision. 


CONICAL  MODELS 

Two  sets  of  conical  models  were  made.  The  first  group  consisted  of  one 
poppet  and  0.030-inch  land  seat  pair  for  each  of  the  three  angles  to  be 
investigated  (Models  A^ ,  ,  and  C^ ,  with  an  additional  41-degree  seat 

having  a  0.005-inch  land  width  (Model  -As  noted  in  the  Model  Fabrica¬ 

tion  section,  the  machining  sequence  employed  for  these  first  models  re¬ 
sulted  in  poor  land  geometry  with  significant  out— of -roundness  and  duboff 
deviations.  The  subsequent  parts,  three  pairs  of  0.030-inch  land,  41- 
degree  models,  were  fabricated  differently  resulting  in  more  uniform 
geometry.  However,  significant  discrepancies  still  existed  and  these 
subsequently  fabricated  poppets  and  seats  were  matched  in  order  of  best 
mating  conditions  (Model  E^  first,  followed  by  F^  and 

Because  of  lens  clearance  limitations,  only  the  41-degree  poppets  could 
be  inspected  at  500-power  magnification  and  only  a  portion  of  the  land 
could  be  observed.  This  and  matching  100-power  data  was  used  as  a 
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reference  for  determining  suxf ace  roughness  on  other  models.  Except  for 
the  slightly  rougher  (4  microinches  PTV)  Model  seat,  all  conical  sur¬ 
faces  are  estimated  to  he  approximately  1  microinch  AA  1,3  microinches  PTV). 
As  discussed  in  the  Model  Inspection  Procedures  section,  100-power  inter¬ 
ference  photographs  taken  at  90-degree  intervals  were  used  to  determine 
cone  axis  loading  face  normalcy.  All  poppets  and  seats  were  true  within 
5  microinches  over  0.03-inch  land  width. 

The  hulk  of  seating  geometry  inspection  data  was  derived  from  cross-land 
and  circumferential  Proficorder  traces  obtained  as  noted  in  the  Model  In¬ 
spection  section.  Cross-land  data  was  taken  with  a  0.0005-inch  radius  tip 
stylus.  Circumferential  traces  used  a  l/l6-inch-diameter  ball  stylus  and 
are  a  measure  of  roundness  deviations.  These  records,  however,  were  re¬ 
corded  on  linear  charts  and  thus  are  show’n  as  a  plane  surface  (luiwra.pped) . 


Model  A  , 
c 


1  AA,  41-Degree  Seating  Angle 


This  model  was  the  first  41-degree  version  fabricated  and  reflects  virtu¬ 
ally  all  of  the  dimensional  and  form  errors  encountered  with  the  initial 
set  of  conical  hardw^are.  On  the  other  hand,  however,  Model  A^  represents 
probably  a  better  geometry  than  most  when  compared  with  commonly  fabricated 
parts . 

Model  A^  seat  was  both  crowned  and  dubbed  and  formed  at  a  slightly  differ¬ 
ent  included  angle  than  the  poppet.  The  interference  photograph  of  Fig. 

217  and  the  profile  record  (Fig.  34?)  illustrate  cross-lemd  geometry. 
Additionally,  (from  the  profile  record  of  Fig.  348)  a  20-microinch  average 
PT\'',  180-degree  period  gross  circumferential  waviness  (out  of  round)  was 
evident,  probably  due  to  lathe  runout.  Superimposed  on  the  basic  wavy 
surface  were  smaller,  5-niicroinch  PTV  undulations  with  0.024-inch  average 
wave  length. 

The  poppet  land  was  crowned  slightly  (Fig.  218  and  349).  Circumferential 
roundness  deviation  (Fig.  350)  of  more  random  nature  than  that  of  the 
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seat  and  reflects  the  inability  of  light-cut  diamond  turning  and  stick 
lai)ping  to  remove  original  grinding  waves.  The  major  deviation  was  20 
microinches  PTV  with  a  0.32-inch  wavelength.  Shorter  period  (O.l  to  0.2 
inch)  waves  6  to  10  microinches  PTV  were  superimposed  irregularly  on  the 
surface . 


From  Fig.  219,  a  poppet  surface  texture  PTV  height  of  2  to  4  micro  inches 
was  interpreted.  Comparison  of  this  500-powor  and  the  100-power  photo  of 
Fig.  218  with  the  seat  indicated  the  latter  to  have  similar  roughness,  in 
addition  to  a  6-microinch  PTV  waviness  component. 

Net  poppet-seat  differential  seating  angle  was  approximately  0.05  degree 
as  illustrated  by  Fig.  428  which  also  shows  the  bellmouth  condition  typi¬ 
cal  on  all  conical  model  ID's.  Additionally,  the  seating  angle  relation¬ 
ship  of  Model  (0.005-inch  seat  land  and  poppet  of  Model  A^)  is  pictui'ed. 

At  30-psig  inlet  pressiu'e  ,  Model  A^  electrical  contact  leakage  was  0.244 
scim,  which  is  equivalent  to  a  parallel  plate  gap  separation  of  31  micro- 
inches  (for  a  land  width  of  0.03-inch , Fig.  382).  Assuming  a  somewhat  re¬ 
duced  influence  from  the  single  large  poppet  wave,  the  average  poppet 
circumferential  waviness  may  be  assessed  at  15  microinches  PTV.  Thus,  the 
apparent  net  poppet  and  seat  sinusoidal  gap  is  35  microinches,  or  only  25 
micro  inches  equivalent  parallel  plate  separation.  However,  the  contacting 
lands  are  neither  parallel  nor  a  full  0.03  inch  wide,  which  necessitates 
certain  corrections  before  a  model  test  comparison  can  be  made. 


From  the  combined  profile  records  of  Fig.  3^:9  and  347,  the  basic  tapered 
portion  of  the  seat  land  is  approximately  0.0175  inch  wide.  The  taper 
height  over  this  land  width  is  about  15  microinches.  From  Fig.  12  (Seating 
Analysis  section),  the  resultant  6^/9^  ratio  of  1.6  (24/15)  yields  a  tapered 
equivalent  parallel  plate  factor  (N  )  of  about  O.78.  For  the  0.0175-inch 

ij 

land,  the  equivalent  parallel  plate  height  for  combined  poppet  and  seat  is 


=  0.78  (15  +  24) 
=  30  micro inches 
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Correcting  for  the  reduced  model  effective  land  width, 


h 

e 


(l  =  0.03) 


=  30  ( 


0-02_^ 

0.0175 


1/3 


=  36  microinches 


Therefore,  assessment  of  the  actual  model  geometry  equivalent  parallel 
plate  gap  yields  close  agreement  with  the  electrical  contact  test  results 
of  31  microinches.  Furthermore,  this  correlation  indicates  that  abnormal 
cone  axis  and  contaminant  effects  are  minimal. 


Two  tests  were  performed  on  Model  A^.  The  results  are  shoim  in  Fig.  429 
where  a  comparison  of  hoth  tests  indicates  excellent  repeatability  and 
elastic  compliance.  The  relatively  fast  closure  rate  may  he  attributed 
to  the  effect  of  circular  lay,  but  probably  to  a  greater  extent,  the  pres¬ 
sing  out  of  successive  levels  of  waviness  and  generation,  with  load,  of 
increasing  contact  land  width.  Obviously,  because  of  the  noted  geometri¬ 
cal  discrepancies,  the  curve  represents  a  load  rather  than  a  stress  param¬ 
eter.  Posttest  inspection  revealed  minor  radial  scuff  marks  but  no  signi¬ 
ficant  test  damage. 


Model  B  ,  1  AA  33— Degree  Seating  Angle 
m - - - 


mm 


Conical  Model  also  had  certain  geometrical  discrepancies  caused  by  the 
fabrication  method  although  not  so  severe  as  Model  A^.  The  seat  land 
(Fig.  220  and  35l)  was  scalloped  radially  and  formed  with  the  near  flat 
poppet  (in  the  contact  region)  a  differential  seating  angle  of  0.0094 
degrees.  (Poppet  cross-land  interference  photograph  and  profile  trace  are 
shown  as  Fig.  221  and  352,  respectively.) 

The  seat  (Fig.  353)  had  20-microinch  PTV  circumferential  waves  with  a  180- 
degree  wavelength  on  which  was  superimposed  a  5-microinch  PTV  short  period 
waviness  characteristic  with  0.019-inch  average  period.  The  poppet 
roundness -waviness  characteristic  was  comprised,  basically,  of  four  90- 
degree  period,  15-microinch  PTV  waves  (Fig.  354). 
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Figure  429.  Stress -Leakage  Data  for  Tost  Model  A^,  Tests  1  and  2 
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Electrical  contact  leakage  of  1.42  scim  at  100-psig  supply  pressure  indi¬ 
cated  an  equivalent  parallel  plate  gap  of  50  microinches.  This  was  virtu¬ 
ally  identical  with  the  net  corrected  seating  geometry  equivalent  separation 
of  50.4  microinches.  (The  latter  was  derived  as  reported  in  Model  dis¬ 
cussion  except  that  the  net  waviness  value  was  unweighted.) 

Model  was  tested  at  1000  psig  as  shown  in  Fig.  450.  The  test  data  to 
various  stress  levels  are  repeatable  and  indicate  no  plastic  deformation. 
However,  it  will  he  noted  that  hysteresis  effects  are  more  pronounced 
than  those  with  Model  A^.  This  is  attributed  to  the  smaller  seating  angle 
with  attendant  increase  in  interfacial  shear  forces.  Closure  character¬ 
istics  are  similar  to  the  41-degree  Model  A^ ,  reflecting  the  effect  of  cir¬ 
cular  lay  and  successive  deformation  of  fabrication  waves.  Some  scuffing 
damage,  apparently  due  to  "feed  in"  of  poppet  to  seat  during  initial  clo¬ 
sure,  was  noted  in  posttest  exeimination,  hut  no  major  damage  occurred. 


Model  ,  1  AA  20-Degree  Seating  Angle 


Because  of  microscope  lens  clearance  proglems ,  Model  seat  could  not  be 
viewed  or  photographed  even  at  100-power  magnification.  However,  40X 
plain  microscope  comparison  viewing  indicated  a  surface  texture  similar 
to  other  conical  models.  The  poppet  (Fig.  224)  had  approximately  a  1- 
microinch  AA  finish  with  a  scalloped  condition.  Evaluation  of  poppet  and 
seat  cross-land  profile  traces  (Fig.  555  and  556,  respectively)  indicated 
an  average  net  differential  seating  angle  of  approximately  0.044  degrees 
over  an  effective  land  width  of  0.0185  inch. 

Seat  out-of-roundness  deviations  as  shown  in  Fig.  557  were  relatively  \mi- 
form  at  18  microinches  PTV.  The  poppet  (Fig.  558),  hov;ever,  evidenced  a 
relatively  constant  surface  with  trough-like  deviations.  For  comparison 
w'ith  electrical  contact  test  results  (predominantly  laminar  flow),  this 
surface  was  assessed  in  the  folloAiring  manner. 
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Figure  430.  Stress -Leakage  Data  for  Test  Model  ,  Test 
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-air 


The  portion  from  0  to  approximately  90  degrees  was  considered  a  triangular¬ 
shaped  trough  extending  over  a  0.372-inch  peripheral  distance  with  a  PTV 
height  maximum  of  20  microinches.  The  two  remaining  troughs  (sinusoidal) 
were  assessed  as  25  microinches  PTV  over  0.149  inch  (llO  degrees),  and  45 
microinches  PTV  with  a  0.173-inch  wavelength  (290  degrees).  The  balance 
of  the  surface  was  considered  uniform.  Hesolution  of  surface  discrepancies 
into  a  representative  equivalent  parallel  plate  height  was  accomplished 
proportionally  as  shown  below  in  the  schematic  profile. 
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Since 


hei  =  0.63  X  20  X  10  ^  =  12.6  microinches  (sawtooth  factor) 

h^^  =  0.68  X  25  X  10  ^  =  17.0  microinches  (sinusoidal  form) 

0.68  X  45  X  10  ^  =  30.6  microinches  (sinusoidal  form) 
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W  =  =  ff  X  0.470  =  1.475  inches 

=  0.372,  =  0.149,  =  0.173  inch 
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24.2  micro inches 


1/3 


The  equivalent  parallel  plate  height  for  the  seat  deviation  (I8  micro- 
inches  PTV)  is  12.2  microinches  for  a  net  contacting  surface  parallel 
gap  of  36.4  microinches. 
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The  taper  height  (h^)  over  the  effective  seat  land  width  (O. 0183-inch)  was 
assessed  as  l6  microinches .  Again,  as  with  previous  models,  using  the 
procedure  described  in  the  Seating  Analysis  section,  the  equivalent  tapered 
flow  passage  height  was  established  as  43*5  microinches.  Correcting  to  a 
0.03-inch  land  width  yields  a  final  net  contacting  surface  separation  of 
51.3  microinches.  Electrical  contact  leakage  teat  data  resolved  to  a  par¬ 
allel  plate  gap  of  40  to  47  microinches,  which  agrees  reasonably  well  with 
the  above  considering  the  contact  geometry  complexity. 

Model  was  tested  at  300  psig  with  three  successively  higher  stress  loops 
as  illustrated  by  Fig.  431.  The  data  indicate  a  repeatable  elastic  condi¬ 
tion  with  considerable  hysteresis.  Interfacial  shear  effects  accentuated 
by  the  smaller  20-degree  seating  angle  make  this  condition  more  pronounced 
than  with  the  33-  and  41-degree  Models  and  A^.  (From  this  data  it  would 
appear  that,  from  a  cyclic  standpoint,  as  seating  angles  become  smaller 
damage  due  to  wear  will  he  accelerated.) 

Model  C  closure  rate  was  much  less  than  that  of  Models  A  and  B  .  This 
c  c  c 

characteristic  is  attributed  to  the  aforementioned  trough-like  form  errors 
present  on  the  poppet.  Unlike  the  approximate  sinusoidal  characteristic 
of  the  other  conical  parts.  Model  poppet  represents,  essentially,  a 
circular  plane  having  two  depressions  occupying  some  22  percent  of  the 
surface  (neglecting  the  more  compliant,  triangularly  assessed  portion). 

The  load  to  compress  this  plane  sufficiently  to  displace  the  sub-surface 
voids  is  considerably  greater  than  that  required  to  depress  a  long  wave 
sinusoidal  sufface.  This  condition  is  analogous  to  the  deformation  of 
uniform  sinusoidal  surface  texturewhere  nodules  are  compressed  and  a  por¬ 
tion  of  the  material  is  displaced  laterally,  causing  adjacent  valleys  to 
rise  (Surface  Analysis  section).  Scratches  interspersed  on  a  relatively 
flat  (hence  stiff)  plane,  however,  are  not  so  influenced.  Thus  Model  C 

c 

poppet  voids  were  not  reduced  greatly  over  the  stress  range  tested. 
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Nitrogen  Leakage,  scim 


Figure  431-  Stress— Leakage  Data  for  Test  Model  C^,  Test  1 


fin: 


Model  ,  1  AA  41-Degree  Seating  Angle,  0.005-Inch 
Land  Width 


This  model,  utilizing  the  poppet  of  Model  ,  also  exhibited  significant 
form  and  dimensional  errors.  Notable  was  the  varied  land  width  which 
ranged  from  0.004  to  O.OO5I  inch.  The  value  tabulated  in  Table  4  (0.0046 
inch)  represents  the  nominal,  or  predominant,  width  which  is  also  illus¬ 
trated  by  Fig.  225.  The  land  was  tapered  (Fig.  359)  with  respect  to  the 
mating  poppet,  yielding  a  net  differential  seating  angle  of  approximately 
0.086  degree. 

The  circumferential  profile  record  was  obtained  with  a  0.0005-inch  radius 
stylus  which  could  be  setup  visually  near  the  center  of  the  small  land  more 
accurately  than  the  hall  stylus.  Thus,  the  profile  record  of  Fig.  360 
shows  evidence  of  minute  waviness.  It  cannot  he  evaluated  accurately, 
however,  since  (l)  the  horizontal  scale  is  greatly  compressed  and  (2)  the 
relatively  fast  rotational  speed  employed  for  the  circumferential  profile 
trace  undoubtedly  caused  stylus  skip  and  perhaps  vertical  resonance.  From 
this  trace,  however,  the  seat  roundness  deviation  can  be  established  at 
approximately  17  microinches  PTV''  with  two  180-degree  per  iod  waves. 

Initial  electrical  contact  tests  indicated  a  parallel  plate  separation  on 
the  order  of  100  microinches,  much  greater  than  model  geometry  inspection 
data  had  indicated.  The  model  was  disassembled  and  recleaned  twice  with 
no  significant  improvement.  Assuming  the  presence  of  random  nodules  or 
contaminants,  a  conical  lap  was  made  from  0.001-inch  thick  brass  and  posi¬ 
tioned  on  the  poppet  with  lanolin.  With  the  model  installed  in  the  tester, 
the  intermediate  brass  conical  face  was  coated  with  0-  to  1-r.iicron  diamond 
and  the  seat  lightly  lapped.  This  operation  improved  general  contact  con¬ 
ditions  and  also  reduced  the  PTV  roughness  slightly  as  the  pre-  and  post¬ 
lap  photographs  of  Fig.  226  and  227,  respectively,  show.  (These  two  figures 
also  illustrate,  when  compared  with  Fig.  225,  the  previously  noted  land 
width  variation.  In  addition,  the  most  severe  blemish  present  in  the  form 
of  three  large  pits  is  also  evident.) 
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Electrical  contact  tests  following  seat  lapping  indicated  a  parallel  plate 

gap  of  56  microinches.  Using  the  procedure  outlined  previously  (with 

h  =  21.7  niicroinches  and  h  =5  microinches  over  a  0.0036-inch  land  width), 
p  o 

actual  seating  geometry  equivalent  parallel  plate  separation  (L  =  O.O3 
inch)  was  assessed  at  48.5  microinches. 


With  reasonable  correlation  between  inspection  and  test  contact  condition 
data  established,  Model  was  stress-leakage  tested  at  300  psig  supply 
pressure.  The  results  as  shown  in  Fig.  432  indicate,  as  with  previous 
models,  a  repeatable  elastic  condition.  The  hysteresis  component  was  com¬ 
parable  to  that  exhibited  by  the  earlier  41-degree  Model  A^.  At  lOOO-psi 
stress,  Model  leakage  v/as  approximately  10  times  that  of  its  counter¬ 
part,  Model  A^ ,  which  is  commensurate  with  the  difference  to  be  expected 
from  the  land  width  difference.  However,  land  geometry  complexity  precludes 
a  more  explicit  correlation  of  the  two  models. 


Model  ,  1  AA  41-Degree  Seating  Angle 


This  model  (and  subsequently  discussed  Models  F  and  G  )  reflects  the  im- 

c  c 

provements  achieved  by  the  manufacturing  procedure  changes  noted  in  the 
Model  Fabrication  section.  Wliile  seating  geometry  deviations  were  less 
pronoimced  than  with  the  first  lot  (Models  A^ ,  ,  and  D^)  form  and 

dimensional  errors  still  existed. 


Surface  texture  (from  500^  poppet  data,  Fig.  228)  was  on  the  order  of  1 
microinch  AA,  b\it  radially  more  imiform  than  that  of  the  original  models 
(Model  A^  poppet.  Fig.  219).  As  a  comparison  of  100-power  interference 
photographs  (Fig.  229  and  230)  indicates,  the  seat  was  polished  to  a  lesser 
roughness  PT\^  height  than  the  poppet. 

Similarly,  roundness  deviations  were  improved,  particularly  for  the  poppets. 
Model  poppet  (Fig.  361)  exhibited  a  maximum  deviation  on  the  order  of 
7  microinches  with  3-microinch  PT\^  average  undulations  having  approximately 
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0.11-inch  wavelength.  Seat  roundness  error  (Fi  g-  363)  was  more  pronomiced 

having  two  180-degree  period  waves  of  13  microinches  PTV  with  shorter 

period  (0.04  inch)  3-niicroinch  PTV  deviations.  No  cross-land  profile 

records  were  obtained  for  this  model  (nor  for  Models  F  and  G  ).  Assess- 

c  c 

ment  of  interference  photographs,  however,  indicates  seating  differential 
angle  is  negligible,  the  contacting  surfaces  in  essence  forming  a  crown- 
on-crown  condition. 

Electrical  contact  tests  indicated  an  equivalent  parallel  plate  separation 
of  approximately  17  microinches.  Assuming  a  net  poppet  and  seat  PTV  gap 
of  16  microinches  (3  +  13)  yields  a  parallel  plate  gap  of  about  11  micro¬ 
inches.  Thus,  the  greater  test  value  confirms  inspection  data  assessment 
of  crowned  (less  than  full  land)  contact. 

Model  E  was  tested  with  two  load  cycles  to  6OOO  psi.  As  the  test  results 
of  Eig.  433  illustrate,  some  plastic  deformation  occurred  on  the  first 
cycle;  the  second  loop  was  repeatable.  Hysteresis  was  more  pronomiced  than 
with  the  first  41-degree  Model  A^.  This  was  due  to  (l)  the  increased  in- 
terfacial  shear  forces  attendant  with  the  greater  contact  land  width  of 
Model  E^  and  (2)  the  lack  of  significant  separation  force  from  deformed 
differential  angle  contact  and  circumferential  waviness. 


Model  F^ ,  1  AA  41-Degree  Seating  Angle 


This  model  did  not  match  as  well  as  Model  E  and  exhibited  a  differential 

c 

seating  angle.  From  the  interference  photographs  of  Fig.  231  and  232  this 
angle  was  assessed  as  tapering  approximately  0,045  degrees  (7  microinches 
over  0.009-inch  land  width)  to  both  OD  and  ID  sides  of  the  initial  contact 
point.  Seat  roundness  deviation  (Fig.  363)  was  on  the  order  of  24  micro- 
inches  PTV  with  180-degree  periods.  Superinqiosed  on  this  out  of  round 
surface  were  2  microinch  PTV  waves  with  short,  0.027-inch  average  wave¬ 
lengths.  From  the  poppet  profile  record  of  Fig.  364,  a  net  deviation  of 
approximately  6  microinches  was  deduced  after  correcting  for  some  apparent 
inspection  setup  eccentricity  (indicated  by  the  single  360-degree  wave). 
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Some  shorter  wavelength  O.OI5  inch)  undulations  about  2  microinches  PTV 
were  also  evident.  As  with  Model  ,  the  seat  STirface  roughness  PTV  height 
was  somewhat  less  than  that  of  the  ~  1-raicroinch  AA  poppet. 

The  double  angle  contacting  geometry  precluded  reasonable  assessment  of  an 
equivalent  parallel  plate  no-load  gap.  Electrical  contact  tests,  however, 
indicated  a  separation  of  3I  microinches  which  was  commensurate  with  values 
obtained  for  other  models. 
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Test  data  for  Model  F  is  presented  in  Fig.  434.  As  with  the  previous 
Model  E^ ,  some  plastic  deformation  occurred  on  the  first  stress  loop.  At 
low  seat  stress  (second  loop,  elastic  condition).  Model  F^  leakage  is  more 
than  an  order  of  magnitude  greater  than  that  of  Model  E^.  This  may  be 
attributed  to  the  effects  of  differential  seating  angle  and  the  greater 
PTV  out-of-roTondness  deviation  exhibited  by  Model  F  .  However,  because 
of  these  defects  (and  for  similar  surface  roughness),  Model  F^  contact 
geometry  is  more  readily  compliant  than  the  former  relatively  large  crown 
radii,  no  differential  angle  version.  Thus,  Model  F^  evidences  a  faster 
closiu'e  rate  and,  ultimately,  (4000-psi  apparent  stress)  leaks  less  than 
due  to  a  greater  peals  contact  stress.  However,  the  additional  inter¬ 
facial  shear  stresses  imposed  in  deformation  of  out-of-roundness  and  dif¬ 
ferential  angle  deviations  make  Model  F^  a  poor  candidate  for  low-wear 
cyclic  life. 
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Model  ,  1  AA  41-Degree  Seating  Angle 

Model  G  combines  the  poorest  geometry  additional  poppets  and  seats  fabri- 
c 

cated,  hence  exhibits  the  greatest  differential  angle  of  the  three.  Evalu¬ 
ation  of  interference  photographs  (Fig.  233  and  234)  indicates  approximately 
0.08  degrees  mismatch  (38  microinches  over  0.0275-inch  land  width).  Surface 
roughness  was  commensurate  with  that  of  the  other  additional  models  as  in¬ 
dicated  by  the  500X  photograph  of  Fig.  235  compared  with  Fig.  234  and  233. 

As  before,  the  seat  surface  is  somewhat  smoother. 
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Figure  434.  Stress-Leakage  Data  for  Test  Model  F^ ,  Test  1 
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Similarly,  as  with  Models  and  ,  the  poppet  of  Model  was  more  round 
than  the  seat.  Correcting  for  an  apparent  inspection  setup  eccentricity, 
Model  poppet  net  roundness  deviation  is  about  3  microinches,  but  has 
six  6-  to  10-microinch  deep  troughs  with  0.075-  to  0.100-inch  wavelength 
(Fig.  365).  The  seat  (Fig.  366)  was  out  of  round  by  24  microinches  PTV 
(l80-degree  period),  with  approximately  0.03-inch  wavelength,  2-microinch 
PTV  average  undulations  superimposed  on  the  basic  surface.  An  equivalent 
parallel  plate  gap  of  31  microinches  was  deduced  from  evaluation  of  con¬ 
tact  geometry  (h^  =  18. 3  and  h^  =  28  microinches  with  an  affected  land 
width  of  0.0225  inch).  Electrical  contact  tests  indicated  28  to  30 
microinches . 

Figirre  435  presents  Model  G^  stress— leakage  data.  This  model  evidenced 

virtually  no  plastic  deformation.  Hysteresis  effects  were  considerably 

less  than  with  Models  E  and  F  ,  which  is  attributable  to  the  deformed 

c  c 

differential  angle  separation  force.  Although  too  complex  to  accurately 
evaluate,  land-width  development  and  resulting  contact-stress  characteris¬ 
tics  for  Model  G^  and  the  preceding  Model  F^  were  such  that,  above  2000- 
psi  stress  their  performances  were  virtually  identical. 

SPHERICAIi  MODELS 

Four  spherical  test  models  were  fabricated.  Models  A^ ,  ,  and  util¬ 

ized  0.030-inch  nominal  seat  land  widths  and  tangential  seating  angles  of 
20,  33,  and  41  degrees,  respectively.  As  with  the  conical  group,  an  0.005- 
inch  land,  41-degree  seat  was  also  made  which,  with  the  poppet  of  Model 

A  ,  formed  the  final  model  D  . 
s  s 

As  described  in  the  model  fabrication  section,  all  spherical  seats  were 
circular  lay  diamond  lapped.  Since  no  5OOX  seat  interference  photographs 
could  he  taken  (insufficient  lens  clearance) ,  these  surfaces  were  assessed 
on  a  lOOK  magnification  comparison  basis  as  approximately  O.5  microinch  AA. 
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Figure  435.  Stress- Leakage  Data  for  Test  Model  ,  Test  1 


5  f  5  f  I  ■  I  ;  I  i  j 


Poppet  surface  texture  was  assessed  with  500X  interference  photos  taken 

adjacent  to  the  seat  land  because  of  lens  clearance  requirements.  Poppet 

ball  surface  roughness  was  considerably  less  than  1-tnicroinch  PTV  (bright 

mirror  finish),  but  all  balls  evidenced  scratched,  pitted,  and  nodular 

characteristics  as  discussed  in  the  applicable  model  section.  Models  A  , 

s 

and  used  grade  25  balls  (b/S-  and  9/l6-inch  diameters).  The  only 
standard  size  grade  5  ball  commercially  available  (l/2-inch  diameter)  was 
employed  in  Model  C  . 


As  tester  setup  angular  misalignment  was  not  critical  for  the  spherical 
models,  no  cross-land  profile  records  were  taken.  Contact  taper  angles 
resulting  from  poppet  and  lapping  ball  diameter  differentials  were  com¬ 
puted  from  ball  dimensions  (Model  Fabrication  section).  Roundness  profile 
records  were  obtained,  however,  on  linear  charts  as  with  the  conical  models. 
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Model  Ag  ,  0.5  AA ,  41-Degree  Seating  Angle 


Model  A^  seat  (Fig.  258)  is  typical  of  all  spherical  model  seats  fabricated, 
in  that  a  uniform,  low  PTV  roughness  surface  without  radial  scratches  was 
produced.  As  previously  noted,  surface  texture  was  assessed  at  approximately 
0.5  microinch  AA.  The  commercially  finished  poppet  ball,  however,  was  a 
different  matter. 

Illustrated  by  Fig.  239,  240,  and  367,  Model  A^  poppet  evidenced  virtually 
no  surface  roughness,  but  did  have  a  myriad  of  pits,  nodules,  nicks,  and 
scratches  detrimental  to  sealing  capabilities.  From  this  inspection  data, 
a  nodule  density  (h  =  4  microinches)  of  1.1  percent  was  determined-  In 
addition,  two  pit  densities  were  evident,  h  =  7  microinches,  j3  =  0.022  and 
li  =  2  microinches,  =  0.33.  As  typically  shown  by  Fig.  239,  random 
scratclies  were  present  also  though  not  assessed. 

Model  A^  seat  was  round  within  3  microinches  (the  accuracy  level  of  the 
Proficorder)  and  jilotted  virtually  a  straight  line;  thus,  the  profile  record 
is  not  presented.  The  poppet  roundness  deviation  (Fig.  368)  was  on  the  order 
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of  10  microinches.  A  differential  seating  angle  of  0.0017-degree  (0.9I 

microinch  over  0.0301-inch  seat  land  vidth  with  D  >  was  calculated 

p  BS' 

from  poppet  and  lapping  hall  dimensions. 

Stress-leakage  test  results  for  Model  are  shown  in  Fig.  456.  Plastic 
deformation  on  the  first  loop  is  indicated  (nodule  flattening),  hut 
hysteresis  is  minimal.  Assessment  of  mating  surface  geometry  indicated 
an  equivalent  parallel  plate  gap  at  initial  contact  of  13-3  microinches. 
(This  assumes  a  net  sinusoidal  gap  of  13  microinches,  plus  4  microinches 
parallel  separation  due  to  nodules).  Extrapolating  the  initial  increasing- 
load  curve  to  a  low'  stress  of  100  psi  (3.O  scim)  yields  a  parallel  plate 
height  of  9-5  microinches,  which  is  commensurate  with  the  assessed  surface 
value . 

Electrical  contact  data,  on  the  other  hand,  indicated  a  separation  of 
25  microinches.  It  is  suspected  that  this  was  caused  by  contamination 
or  slight  poppet  eccentric  shift  during  the  electrical  contact  test.  The 
latter  case  is  most  probable  and  could  have  occurred  during  conical  testing 
also.  However,  the  larger  surface  deviations  of  the  conical  models  would 
have  easily  submerged  small  eccentricity  effects. 


|ii& 


m 


Model  Bg ,  0.5  AA  33“Degree  Seating  Angle 

wm 


During  assembly  into  the  tester.  Model  B^  poppet  dinged  the  seat,  upsetting 
the  land  OD  corner  approximately  0. 00015-inch  over  a  0.030-inch  circumferen¬ 
tial  length.  Figures  244,  245  and  246  illustrate  the  diunage.  As  the  model 
had  been  completed  and  inspected,  it  was  tested  as-is,  representing  "minor" 
damage  probably  quite  often  accepted  for  valve  use.  It  was  intended  that 
the  seat  he  refinished  and  retested  for  comparison  purposes.  However,  due 
to  time  limitations  the  rework  was  not  accomplished. 
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Seat  Stress,  psi 
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Nitrogen  Leakage,  scim 

Figure  436.  Stress— Leakage  Data  for  Test  Model  A  ,  Test  1 


Model  seat  was  round  within  6  microinches.  The  poppet  (Fig.  3(^9)was 
round  within  10  microinches,  hut  had  several  trough-like  discrepancies. 
Although  a  surface  roughness  profile  record  was  not  taken,  from  Fig,  369 
and  interference  photograph  (Fig.  247)  assessment  a  nodule  density  (h  =  4 
microinches,  3  =  0.024)  and  pit  density  (h  =  7  micro inches,  B  =  0.14)  was 
determined.  As  with  Model  A^ ,  the  grade  25  ball  was  also  randomly  scratched 
with  one  major  double  scratch  5  microinches  deep,  approximately  200  micro¬ 
inches  wide,  and  long  enough  to  bridge  the  seat  land. 

Electrical  contact  data  indicated  an  equivalent  parallel  plate  gap  of  107 
microinches.  Since  it  is  probable  that  the  poppet  shifted  radially,  touching 
both  at  the  upset  area  and  diametrally  opposite,  the  resultant  flow  path  is 
analogous  to  an  out-of-parallel  flat  model.  Applying  the  sinusoidal  aver¬ 
aging  factor,  the  equivalent  parallel  plate  separation  due  to  the  upset  is 
102  microinches.  Tliis  value,  plus  the  parallel  plate  equivalent  of  out  of 
roundness  (excluding  knobs),  11  microinches  (thus  113  microinches  total), 
agreed  reasonably  with  electrical  contact  test  data. 

The  stress-leakage  test  data  of  Fig.  437  illustrates  the  effect  of  the  damaged 
area.  Neglecting  the  anticipated  increased  hysteresis  effect  because  of  a 
smaller  seating  angle,  this  model  may  be  compared  with  41-degree  Model  A 

s 

since  both  have  similar  finish  parts.  Model  demonstrates  a  more  rapid 
closure  rate  (upset  area  deformation)  but,  up  to  1000-psi  stress,  leaks  in 
excess  of  two  orders  of  magnitude  more  than  Model  A^.  Even  at  10,000  psi. 
Model  leakage  is  nearly  six  times  greater,  thus  emphasizing  the  marked 
effect  of  the  "minor"  damage. 

Posttest  inspection  revealed  the  poppet  ball  was  plastically  deformed  2  to 
3  microinches  in  the  area  of  contact  with  the  seat  defect.  Both  poppet  and 
seat  were  slightly  scuffed  opposite  the  dinged  area  apparently  because  of 
seating  closure  motion,  and  a  slight  flattening  of  the  seat  upset  area  was 
noted. 
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Figure  437*  Stress-Leakage  Data  for  Test  Model  B  ,  Test  1 
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Model  Cg,  0.5  AA  20-Degree  Seating  Angle 


This  model  was  the  only  spherical  model  to  use  a  grade  5  poppet  hall. 

The  hall  was  round  within  5  microinches  and,  as  illustrated  by  Fig.  370, 

248,  and  249  exhibited  a  more  uniform  surface  than  the  grade  25  ball  of 
Model  A^  (Fig.  36?  and  240 ).  Nevertheless,  pits  =  0.022,  h  =  3  micro- 
inches)  and  nodules  (/?  =  0.34,  h  =2  microinches)  were  evident  and,  as 
Fig.  248  shows,  this  ball  w'aa  not  free  of  long  scratches  and  nicks. 

The  seat  was  round  also  within  5  microinches  and,  with  the  poppet , formed 
a  calculated  0. 0065-degree  differential  seating  angle.  Like  the  20-degree 
angle  conical  model,  microscope  lens  clearance  limitations  precluded  even 
lOOX  interference  inspection.  The  surface  roughness  by  40X  comparison 
viewing,  however,  was  similar  to  the  other  spherical  seats. 

'Two  stress- leakage  tests  were  performed  on  Model  (Fig.  438).  As  expected , 

the  small  seating  angle  resulted  in  a  more  pronounced  hysteresis  effect  than 

with  41-degree  Model  A^  (similar  also  to  the  difference  noted  between  conical 

Models  A^  and  C^).  Model  leakage  reflects  a  significant  improvement  over 

the  less  uniform  ball,  greater  net  roundness  deviation  Model  A  (Fig.  436). 

s 

At  1000-psi  stress.  Model  leakage  is  an  order  of  magnitude  less  and,  at 
10,000  psi,  is  still  one-fourth  that  of  Model  A^.  In  both  cases,  hov,rever, 
the  scratched  and.  pitted  poppet  surfaces  detract  from  the  circular  lay  seat 
sealing  potential.  Thus,  for  low-leakage  valve  applications,  the  use  of 
commercial  ball  poppets,  regardless  of  grade,  can  serve  to  limit  performance 
capab ilities . 

These  balls  can  be  lapped  to  remove  surface  defects  and,  ultimately,  produce 
circular  lay  commensurate  with  that  possible  on  the  seats.  However,  multiple 
match  lapping  operations  are  involved  with  special  precautions  required  to 
maintain  a  differential  angle  gap  (h^)  such  that  required  flattening  loads 
do  not  become  excessive.  (The  problem  is  analogous  to  that  of  crowned  surface 
deformation  discussed  in  the  Seating  Analysis  section. ) 


m 


540 


Seat  Stress,  psi 


Model  Dg ,  0.5  AA  41-Degree  Seating  Angle, 
0.006- Inch  Land  Vidth 


Model  D  used  the  grade  25  ball  poppet  of  Model  A  on  an  0.006-inch  land 
s  s 

width  seat  finished  similar  to  the  other  spherical  models.  The  seat 
(Fig.  250)  was  round  within  6  microinches  and,  with  A^  poppet,  formed  a 
0.0013-degree  differential  seating  angle.  No  significant  seat  surface 
blemishes  were  noted ,  but  the  poppet  (Fig.  239)  had  several  scratches  (not 
fully  documented)  which  could  bridge  the  sealing  land. 

Evaluation  of  poppet  and  seat  contact  geometry  from  inspection  data 

(h  =  14.9  and  h  =  0.135  microinches)  resulted  in  an  equivalent  0.03-inch 
'  p  0 

land  parallel  plate  gap  of  24.5  microinches.  Electrical  contact  tests 
indicated  a  36-microinch  separation.  The  difference  is  caused  probably 
by  poppet  eccentric  shift  during  the  test.  (No  evidence  of  contamination 
was  found  during  posttest  inspection.) 

Stress- leakage  test  results  are  shown  in  Fig.  439»  These  data  indicate  a 
repeatable,  elastic  characteristic  with  a  hysteresis  component  nearly  the 
same  as  the  initial  41-degree  Model  A  .  By  virtue  of  land  width  differences, 

S 

Model  D  should  leak  approximately  five  times  as  much  as  its  larger  land 
s 

counterpart  assuming  full  land  uniform  contact  in  both  cases.  A  comparison 

of  data,  however,  shows  Model  D  leakage  exceeds  that  of  Model  A  by  50  times 

s  s 

at  1000-psi  stress,  and  by  a  factor  of  10  at  10,000  psi. 

When  compared  on  a  load  basis,  Model  leaks  less  generally  than  the  wider 
land  model  A^  (above  35  pounds),  as  might  be  expected.  This  is  certainly 
due  to  the  higher  concentrated  stress  of  the  narrower  land.  However,  the 
much  greater  leakage  of  the  narrow  land  model  at  equivalent  stresses  is 
attributed  to  the  necessity  for  the  land  to  deform  itself  and  the  ball  in 
closing  off  form  errors  other  than  roughness.  While  not  analytically 
assessable,  it  seems  reasonable  that  a  greater  reduction  gap  will  result  in 
equal  apparent  contact  stresses  with  the  wider  land  seat  due  to  greater 
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Nitrogen  Leakage,  scim 

Figure  439-  Stress-Leakage  Data  for  Test  Model  D^ ,  Test  1 


load,  even  though  distributed  over  a  wider  area.  This  argixment  is  sup¬ 
ported  hy  the  relative  et^uivalent  parallel  plate  (h^)  dimensions  associated 
with  Model  (for  its  0.00604-inch  1  and)  which  vary  from  about  4  micro¬ 
inches  at  2000-psi  stress  (l2.1  pounds),  to  about  1.2  microinches  at 
5800  psi  (35  pounds).  On  the  other  hand.  Model  reaches  a  computed 
ec[uivalent  parallel  plate  gap  of  2.0  microinches  at  only  1200-psi  apparent 
contact  stress  (35  pounds),  which  results  in  the  same  leakage  as  Model  D^. 

From  these  observations  it  would  appear  that  w'here  a  scat  land  bears  upon 
a  much  wider  poppet  land,  the  apparent  stress  criterion  is  not  the  basic 
measure  of  gap  closure;  this  should  be  considered  when  changing  the  dimen¬ 
sions  of  a  given  seat. 


Model  Hgc ,  0.5  AA  Spherical  Poppet,  1  AA  41-Degree 
Seating  Angle  Conical  Seat 

The  purpose  of  this  model  was  to  evaluate  the  ball-in-cone  seating  geometry. 
The  poppet  and  seat  are  from  Models  A^  and  ,  respectively.  Since  the 
actual  contact  land  width  for  this  geometry  is  very  narrow,  the  leakage 
data  are  presented  in  terms  of  average  Hertz  stress  and  load.  The  seating 
geometry  is  shown  below  schematically  with  defining  equations. 
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Maximum  allowable  average  contact  stress  based  on  yield  strength  (y)  is 
given  by 
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From  the  above  equations  it  is  interesting  to  note  that  the  contact  land 
width  (2  t)  is  independent  of  seat  and  ball  diameter.  For  normal  seating 
angles,  the  land  width  is  relatively  small  because  (f)  is  generally  much 
less  than  (a). 


Model  seating  angle  is  41.27  degrees  for  a  ball  diameter  of  O.625O 
inch.  The  resultant  means  seat  diameter  is  0.470  inch.  Introducing  these 
parameters  into  the  preceding  relations  gives  the  following  equations  for 
land  width  and  average  Hertz  stress: 
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Leakage  data  is  presented  in  Fig.  440  for  Hertz  stress  and  actual  load. 

From  the  constant  relation  between  (^,)  and  ((7  )  it  can  be  seen  that 

avg 

land  width  is  exceedingly  small  at  reasonable  loads.  At  44.3  pounds 
(o'g^g  =  21,600  psi),  comparable  to  1000  psi  for  the  0.03-inch  land  flat 
model,  the  total  land  width  is  0.00211  inch.  Although  the  load-leakage 
change  is  quite  large  for  this  model,  the  narrow  initial  land  width  results 
in  high  leakage.  Moreover,  maximum  contact  stresses  are  very  high  at 
sealing  levels  comparable  to  formed  land  seats.  This  is  shown  by  load 
curves  for  the  subject  model  and  Model  A^  overlay. 

Based  upon  the  preceding  data,  it  is  concluded  that  for  best  perfoimance 
a  preload  land  should  be  generated.  Vith  many  valve  seats  the  ball  is  i 
hammered  into  the  seat,  thus  plastically  forming  a  land.  Although  per¬ 
formance  may  be  improved  in  some  cases,  this  method  cannot  generally  match 
results  obtained  through  lapping. 


DATA  COMPAEISON  AND  OBSEHVATIONS 

Conical  and  spherical  valve  seats  differ  from  flat  seats  primarily  in  the 
manner  of  load  delivery.  Loads  applied  along  the  seating  axis  result  in  a 
normal  acting  seat  force  that  is  developed  from  the  mechanical  advantage 
inherent  in  the  wedge.  This  force  is  accompanied  by  a  frictional  shearing 
force  which,  with  the  normal  force  component,  resists  axial  motion.  Elas¬ 
ticity  of  the  opposing  faces  potentially  allows  axial  entry,  depending  upon 
the  friction  coefficient,  so  that  the  effective  contact  seating  stress  is 
a  complex  function  of  these  combined  forces.  Because  of  the  frictional 
component,  the  maximum  shearing  stress  is  raised  toward  the  contact  surface 
with  increasing  friction  coefficient  and,  when  the  coefficient  is  l/lO  or 
greater,  is  located  at  the  surface  (Ref.  29).  Tangential  friction  forces 
also  cause  an  increase  in  tensile  stresses  near  the  contact  boundary 
(opposite  to  the  direction  of  the  frictional  force),  thus  increase  the 
possibility  of  pitting  and  wear.  The  significance  of  these  factors  on 
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Figure  440.  Stress-Leakage  Data  for  Test  Model  i  Test  1 


leakage  is  a  function  of  seating  loads,  angles  and,  kecausc  a  v/car 
consideration  is  involved,  contact  cycles.  For  a  valve  seat  very  nearly 
flat,  the  angular  components  are  negligible,  and  the  normal  load  is 
essentially  the  axial  load.  However,  for  the  usual  seating  angles 
between  45  and  I5  degrees ,  it  is  probable  that  some  relative  shearing 
motion  takes  place  during  loading.  With  light  loads  and  larger  angles 
this  motion  may  be  negligible  although,  as  with  tapered  pins,  sufficient 
load  will  result  in  significant  motion  and,  thus,  cause  plastic  flow  and 
wear. 

Comparison  curves  on  a  stress  and  load  basis  for  conical  and  spherical 
models  are  presented  in  Fig.  441  and  442.  For  evaluation  of  equivalent 
parallel  plate  gaps,  the  (b^)  curve  is  overlayed  on  each  graph  for  the 
0.03-inch  land  models.  To  approximate  the  equivalent  gap  for  a  0.005-inch 
land,  the  values  read  for  (hp)should  be  multiplied  by  1.3.  Where  signifi¬ 
cant  taper  is  involved  (conical  models),  actual  gaps  are  less  than  indicated. 

Since  all  models  except  the  spherical  poppets  had  circular  lay,  the  charac¬ 
teristic  high  shutoff  rate  is  evident.  Part  of  this  high  shutoff  rate  is 
due,  at  the  lower  loads,  to  the  geometric  errors  inherent  in  most  test 
models,  particularly  the  conical  versions.  Unlike  the  majority  of  flat 
models  where  total  land  contact  was  obtained  at  relatively  low  loads,  the 
conical  models  required  additional  load  to  flatten  waviness  and  taper. 
Likewise,  the  spherical  models  had  to  flatten  the  nodules  on  coTnmercial 
ball  poppets  before  roughness  seating  was  achieved. 

The  question  of  what  stress  or  load  level  was  necessary  to  obtain  roughness 
sealing  is  difficult  to  answer  because  of  the  impredictable  effects  of  other 
geometric  variables  and  the  lack  of  an  ideal  comparison  model.  The  conical 
models  evaluated  were  the  epitome  of  geometric  error  combining  waviness, 
out-of-roundness ,  taper,  and  surface  roughness  in  varying  degrees.  As  a 
result,  direct  comparison  between  conical  models  of  different  seating  angle 
and  flat  or  spherical  models  on  either  an  apparent  stress  or  load  basis  is 
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not  possible.  Even  had  gross  errors  been  avoided  (as  vas  accomplished 
vith  flat  and  spherical  models),  slight  variations  in  roughness  between 
models  would  have  probably  submerged  any  static  effect  of  the  seating 
angle  parameter. 

Model  was  sufficiently  accurate  to  provide  some  degree  of  comparison 
with  flat  Model  The  effect  of  gross  geometric  errors  was  predominant 

in  the  conical  model  below  5OOO  psi  (74  pounds),  but  above  this  stress 
the  crown  effect,  augmented  by  slight  taper,  caused  a  higher  shutoff  rate 
than  evident  with  the  flat  surface.  Increased  shutoff  might  be  attributed 
to  interfacial  shear;  however,  this  effect  could  not  be  isolated  from  other 
variables  within  the  limited  test  scope.  It  is  possible  that, since  fric¬ 
tional  shear  is  only  a  component  of  normal  load,  the  leakage  reduction 
could  be  comparable,  i.e.,  not  too  significant  compared  ith  the  geometric 
parameters,  particularly  roughness. 

The  effect  of  load  concentration  caused  by  taper  is  markedly  shown  by 
Model  G^.  At  low  load,  the  contact  land  was  narrow  and  leakage  high  due 
to  some  30-niicroinch  roundness  error  and  38-microinch  tapei'.  Increased 
load  resulted  in  much  greater  contact  stress  than  indicated  by  Fig.  441; 
therefore  was  considerably  lower  than  with  model  E^,.  Although  this  may 
appear  to  be  an  argument  for  tapered  seating,  it  should  be  noted  that 
high-stress  concentrations  accelerate  wear  roughening,  which  could  destroy 
the  low- leakage  capability. 

Only  sphereical  Model  provided  a  reasonable  correlation  with  comparably 

finished  flat  Model  The  3:1  mechanical  advantage  effect  on  load  is 

shown  by  the  load  curve  (Fig.  442).  Lower  leakage  obtained  with  Model 

compared  with  Model  A  is  attributed  (unproved)  to  the  better  finished 

8 

grade  5  ball  poppet  and  not  the  seating  angle  difference. 

Model  (0.006-inch  land  width)  exemplifies  the  load  dependency  factor 

where  variables  other  than  roughness  are  involved.  This  model  appears 

the  same  as  Model  A  (O. 03-inch  land  width)  in  roughness,  and  yet  on  a 

s 

stress  basis  there  is  wide  leakage  divergence  from  the  5:1  land-width 
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ratio.  From  Fig.  441  the  curve  directions  are  almost  parallel  indicating 
no  convergence  at  higher  loads.  This  might  be  attributed  to  the  increased  '' 

effectivity  of  poppet  ball  pita  over  the  narrower  land  which  are  inherently 
stiff. 

In  summary,  the  conical  and  spherical  models  emphasize  the  need  for  a  ^ 

conformal  match  between  poppet  and  seat  interfaces  measured  in  terms  of 
a  few  millionths  of  an  inch.  This  was  achieved  with  the  spherical  seats, 
although  the  nodular  protuberances  on  the  spherical  poppets  caused  poor 

V- 

low- load  performance.  Vith  conical  models,  it  is  possible  that  improved 
low-load  performance , could  be  achieved  with  matched  lapping  of  the  poppet 
and  seat. 
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PROCESSED,  PLATED,  AND  COATED  MODELS 


In  this  portion  of  the  test  program,  the  effect  of  several  common  processes 
on  the  stress-leakage  characteristic  of  previously  tested  surfaces  was  in¬ 
vestigated.  Additionally,  oil-film  coatings  were  applied  to  certain  models 
to  determine  their  effects  and  potential  sealing  capabilities. 

In  the  processed  category,  liquid-honed,  passivated,  and  chromic  acid 
anodized  surfaces  were  tested.  (As  previous  data  indicated  poor  perform¬ 
ance  characteristics  from  unanodized  aluminum  surfaces,  the  two  aluminum 
models  were  not  pretested  prior  to  processing.  For  all  other  models,  how¬ 
ever,  previous  test  history  was  known.) 

Gold  plating  was  evaluated  by  plating  only  the  seats  of  one  conical  and 
two  flat  models.  Two  of  the  models  were  to  have  been  plated  40  to  60 
microinches  thick,  while  the  third  was  to  receive  a  10  to  20-microinch 
coating.  A  commercial  plating  process  was  used,  which  proved  inadequate 
for  sealing  surfaces  of  the  quality  under  consideration.  Both  inspection 
and  subsequent  stress-leakage  data  indicated  the  plating,  rather  than 
improving  the  basic  seat,  constituted  a  completely  new  surface  having 
virtually  no  relationship  with  the  preplated  model  condition.  Furthermore, 
it  appears  in  retrospect  that  the  film  thickness  desired  was  too  great 
and  coatings  of  2  to  15  microinches  were  probably  more  in  order.  (if  the 
thinner  coatings  had  been  initially  considered,  a  more  precise  plating 
operation  would  have  been  dictated  to  the  overall  benefit  of  this  portion 
of  the  test  program.) 

Comparator  measurements  indicated  two  models  were  plated  44  to  45  micro¬ 
inches  thick  (satisfactory),  but  the  third  was  30  to  31  microinches,  10 
microinches  thicker  than  the  maximum  specified.  Microscopic  inspection 
revealed  the  following  additional  defects  or  discrepancies. 

1,  The  plating  was  quite  granular,  particularly  on  the  thicker 
versions . 
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2.  A  plating  buildup  of  approximately  20  microinches  occurred  at  the 
land  ID's  of  all  models.  The  majority  of  this  buildup  occurred 
in  the  last  (inner)  0,005  inch,  with  the  peak  at  the  ID. 

5.  One  model  had  a  ridged  crack  across  the  seat  land  with 

numerous  similar  cracks  on  the  non-critical  outer  land.  The  seat 
land  deformity  had  a  peak  height  of  about  40  microinches,  with 
a  crack  width  of  approximately  0.00015  inch  and  undetermined 
depth, 

4.  Also  on  Model  (W^^),  an  unplated  area,  approximately  0,005  inch 
in  diameter  at  land  center,  was  noted. 

A  discussion  with  the  plater  indicated  that  the  granular  effect  may  be 
reduced  by  increased  process  time  and  lower  current.  Higher  current 
density  at  "sharp"  edges  causes  the  noted  corner  plating  buildup.  The 
pronounced  ID  buildup  was  probably  due  to  location  of  the  anode  connection 
at  the  seat  center  (by  way  of  a  bolt  screwed  into  the  mounting  threads), 
ilnode  relocation  and  a  crowned  land  would  alleviate  this  problem.  A 
crack  in  the  underlying  nickel  strike  with  high  current  density  at  the 
edges  was  believed  to  be  the  cause  of  the  ridged  crack.  ('This  strike, 

5  to  7  microinches  thick  was  required  as  gold  cannot  be  plated  directly 
on  440C  stainless  steel.)  The  unplated  area  was  attributed  to  an  in¬ 
complete  or  oxide-contaminated  nickel  strike.  Admittedly,  the  plater 
was  unfamiliar  with  processing  to  the  roughness-level  and  blemish-free 
requir ements of  the  models  submitted.  The  resultant  parts  represented  a 
first-time,  best-guess  approach  to  the  problem. 

Since  the  gold-plated  models  represented  a  considerable  inve.stment  in 
inspection,  finishing  and  preplating  test  time,  they  were  tested  as-is. 
(Program  schedule  commitments  and  time  limitations  precluded  refinishing 
and  replating.)  Test  results  from  the  gold-plated  models  left  much  to 
be  desired.  This,  however,  should  not  be  taken  as  a  blanket  condemnation 
of  gold  plating,  but  rather  an  indication  that  the  precision  of  this  or 
any  process  must  be  established  commensurate  with  the  performance  capa¬ 
bilities  desired. 


0^ 
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The  coating  investigation  involved  treatment  of  several  surfaces  with  four 
available  compounds.  It  represents  only  the  briefest  exploration  of  an 
approach  which  might  be  a  significant  advancement  of  both  valve-sealing 
and  cyclic-life  capabilities.  Tested  were  General  Electric  Corporation 
silicone  fluids  "Viscasil"  (100,000  centistoke  viscosity)  and  "Versilube" 
(70  centistoke),  and  "Brayco"  NPT-5  diester  EP  oil.  Finally,  one  part 
was  treated  with  Oronite  oil  to  deposit  a  film  of  zinc,  phosphorous,  and 
sulphur  less  than  1  microinch  thick.  (This  process  is  used  at  Ilocketdyne 
for  turbopump  gear  lubrication. ) 

Except  for  the  Oronite  treatment,  fluids  were  applied  to  poppet  and  seat 
with  an  applicator  made  of  foam-plastic  wiping  cloth.  All  visible  residue 
was  removed  by  several  hard  scrubbing  operations  using  clean  applicators. 

In  some  instances,  fluid  application  was  performed  external  to  the  tester. 
In  others,  the  poppet  was  removed  while  the  seat  remained  installed. 
Similarly,  cleaning  with  benzene  and  freon-saturated  applicators  (followed 
by  dry  scrubbing)  was  done  wholly  or  in  part  external  to  the  tester.  High- 
velocity  gas  purging  of  contaminants  prior  to  individual  tests  was  accom¬ 
plished  by  bringing  the  tester-installed  poppet  and  seat  surfaces  close 
together  (near  electrical  contact),  and  raising  inlet  pressure. 


PROCESSED  MODELS 

Models  I^,  0.6  AA  Unidirectional  Lay  440C  Poppet 
and  Seat  and  1^^^ ,  Liquid  Honed 


Prom  the  interference  photographs  of  Fig.  251  and  252,  Model  I^  poppet  and 
seat  roughness  height  was  assessed  at  I.7  and  1.9  microinches  PTV,  respec¬ 
tively.  The  large  scratch  (Fig.  25l)  was  the  only  significant  blemish  on 
the  poppet,  but  did  not  bridge  the  sealing  land  width.  The  seat  scratch 
(Fig.  252)  was  approximately  5  microinches  deep  and  87  microinches  wide. 
However,  1000  psig  leakage  through  this  scratch  was  only  7-2  x  10  scim 
which,  as  subsequent  test  data  indicates,  did  not  influence  the  results. 
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Model  was  tested  twice  to  establish  a  reference  performance  capability. 
For  clarity,  the  test  data  (Fig.  443)  shows  only  the  first  and  last  load 
cycles . 

Following  this  test,  poppet  and  seat  surfaces  were  liquid  honed  as  described 
in  the  model  fabrication  section  to  form  Model  The  makeup  of  the  re¬ 

sultant  surface,  however,  created  some  inspection  problems.  Microscopic 
examination  (Fig,  253  and  254)  indicated  the  surface  asperities  were 
crater-like  (depression  with  raised  edges),  and  not  as  dense  as  on  a  multi¬ 
directional  lapped  surface  (hence,  they  were  not  as  well  supported  by  ad¬ 
jacent  asperities).  Profilometer  inspection  indicated  a  surface  roughness 
of  approximately  2.5  AA  and  the  Proficorder  indicated  even  less.  Apparently 
stylus  pressure  was  flattening  asperity  peaks  and  yielding  erroneously  low 
surface  roughness  values.  This  conclusion  was  substantiated  by  the  stress- 
leakage  tests. 

Figure  444  presents  the  stress-leakage  data  obtained  from  Model  It 

will  be  noted  that  three  stress  loops  were  initially  performed  with  maxi¬ 
mum  stress  values  of  1000,  10,000,  and  56)000  psi , respectively.  The  dashed 
envelope  enscribes  the  results  of  the  fourth  through  tenth  cycles,  each 
taken  to  56,000  psi.  Plastic  deformation  occurred,  as  evidenced  by  the 
hysteresis  and  successively  reduced  low-stress  leakage  apparent  in  the 
first  through  third  cycles. 

The  equivalent  parallel  plate  height  at  1000  psi  seat  stress  after  maximum 
plastic  deformation  had  occurred  is  12.5  microinches,  which  yields  an  in¬ 
dividual  surface  roughness  of  approximately  3-1  AA.  This  correlates  reason¬ 
ably  well  with  the  Profilometer  value,  and  indicates  that  the  stylus  data 
reflected  a  plastically  deformed  condition.  On  the  initial  cycle,  at  the 
maximum  stress  of  1000  psi,  the  equivalent  parallel  plate  height  is  31 
microinches  which  resolves  to  a  surface  roughness  (per  part)  of  5-1  micro- 
inches  AA.  Furthermore,  Model  stress-leakage  characteristic  compares 
very  well  with  that  of  the  6  AA  multidirectional  lapped  surface.  Model  D 
(Fig.  402).  Thus,  Model  surface  roughness  has  been  estimated  at  6  AA 
from  performance  and  comparison  results. 
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Nitrogen  Leakage,  scim 
Figure  444.  Stress-Leakage  Data  for  Test  Model  >  Test  1 
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Included  as  an  overlay  on  Fig,  444  is  the  stress-leakage  characteristic 
obtained  from  Model  prior  to  liquid-hone  processing.  A  comparison  of 
this  data  vith  the  nominal  (after  load  cycling)  liquid-hone  characteristic 
indicates  the  latter  version  leaked  more  than  200  times  that  of  the  0.6  AA 
diamond-lapped  surface  over  the  1000  to  10,000  psi  stress  range. 

It  may  be  argued  that  the  0.6  AA  surface  was  perhaps  an  inappropriate  one 
for  the  noted  process  evaluation  inasmuch  as  its  finish  was  better  than 
that  caused  by  the  process.  The  processed  finish,  however,  is  considered 
a  terminal  one,  or  the  best  that  can  be  achieved  with  the  particles  used. 

It  is  probable  that  a  much  rougher  initial  surface  could  be  improved  by 
suitable  processing  exposure  time,  approaching  the  sane  finish  achieved 
during  these  investigations.  In  this  case,  then,  the  ultimate  process 
finish  was  being  evaluated. 

From  a  valve-sealing  standpoint,  where  very  low  leakage  values  are  desired, 
it  is  vmlikely  that  the  liquid-hone  process  should  even  be  considered. 

This  is  emphasized  particularly  by  the  relative  ease  of  fabrication  and 
duplicability  of,  for  instance,  the  much  better  diamond-lapped  surface 
as  examplified  by  models  I ^ (surface  texture  evaluation),  and  subse¬ 
quently  discussed  Models  and  X^.  It  is  possible  that  continued  in¬ 
vestigation,  using  finer  grit  particles  down  to  optical  flour  grades,  may 
result  in  surface  finish  comparable  to  lapped  versions,  but  such  investiga¬ 
tions  were  beyond  the  scope  of  this  program. 


Models  ,  0.6  AA  Unidirectional  Lay  440C  Poppet 
and  Seat,  and  »  Passivated 


Model  surface  texture  was  very  similar  to  that  of  with  poppet  and 
seat  roughness  heights  of  1.9  and  1.7  microinches  PTV,  respectively. 
Figures  255  snd  256  illustrate  the  surfaces.  The  poppet  scratch  shown 
in  Fig.  256  was  the  only  significant  defect  noted  and  was  10  microinches 
deep  by  40  microinches  wide.  Its  potential  leakage  at  1000  psig  (2.5  x 
10  ^  scim.  Fig.  18),  however,  made  only  minor  (high-stress)  difference 
in  the  test  results. 


559 


Tiv^o  reference  tests  vere  performed  on  Model  prior  to  passivation.  Figuic 
445  presents  the  results;  vith  Model  I|.,  only  the  enveloping  increasing  and 
decreasing  load  curves  are  shovn. 

The  poppet  and  seat  were  then  passivated  (model  fabrication  section) ,  and 
the  resultant  model  designated  The  passivated  surfaces,  typically 

illustrated  by  the  interference  photographs  of  Fig.  257  ^ind  258,  were 
etched  and  pitted.  (As  these  photographs  were  taken  at  the  same  place  as 
Fig.  255,  a  direct  before-  and  after-passivation  comparison  may  be  made.) 

The  pitting  noted  may  be  due  to  preferential  attack  of  certain  impurities 
and  constituents  of  the  base  metal.  Such  damage  was  by  no  means  dense 
enough  to  be  considered  a  large  part  of  the  total  surface,  but  the  appear¬ 
ance  of  raised  crater-like  edges  on  some  pits  indicated  some  leakage  per¬ 
formance  deterioration  would  result. 

The  above  conclusion  w’as  substantiated  by  subsequent  test  results  (Fig.  446). 
bliile  leakage  was  not  greatly  increased,  the  surface  degradation  noted  did 
influence  the  models  sealing  capability.  The  low-stress  leakage  increase 
is  attributed  to  the  raised-edge  pits.  At  elevated  stress  levels,  the 
noted  difference  may  be  due  to  the  etched  characteristic,  or  possibly, 
to  slight  differences  in  poppet  and  seat  alignment  after  reassembly  into 
the  tester.  It  is  probable  that  the  passivation  effects  apparent  with 
Model  would  be  submerged  by  a  more  rough  texture  but  accentuated  on 
smoother  surfaces, 


Model  ,  1  AA  Dubbed,  Anodized  Seat  and  O.3  AA  Tungsten 
Carbide  Poppet,  Circular  Lays 

Model  seat  was  unidirectionally  lapped  with  0  to  1  micron  chromimum 
oxide  compound  followed  by  light  soft  lap  polishing  to  dub  the  land  cor¬ 
ners.  The  final  pre-anodize  finish  treatment  consisted  of  pressing 
Kleenex  tissue,  lightly  coated  with  the  same  compound,  into  the  surface 
with  rotary  thumb  pressure  to  further  dub  the  corners  and  produce  a 
circular  lay.  The  interference  photographs  (Fig.  259  and  260)  illustrate 
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Stress— Leakage  Data  for  Test  Model  ,  Tests  1  and  2 
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Test  1,  Ball  Loaded,  Pt  =  1000  psig 
(initial  Loading  Curve) 
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First  Test  of  Two  Load  Cycles  and 
Second  Test  of  One  Cycle  Performed. 
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Test  1  (Final  Unloading  Curve) 
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Figiire  446.  Stress-l;eakage  Data  For  Test  Model  i  Tests  1  and  2 
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the  resultant  land  and  surface  texture  conditions.  The  scratch  of  Fig.  259 
was  the  only  significant  cross-lay  hlomish. 

The  seat  was  anodized  (model  fabrication  section)  and  circularly  polished 
to  somewhat  improve  the  resultant  matte,  nodular  surface  characteristic 
of  the  anodize  process.  By  focusing  white  and  green  light  interference 
bands  alternately  on  the  anodized  surface  and  then  on  the  sublevel  base 
metal,  the  anodize  depth  could  be  determined.  (This  top-and  bottom  viewing 
is  illustrated  in  Fig.  26l  and  262.)  With  this  method,  the  anodize  thick¬ 
ness  was  assessed  at  approximately  0,00019  inch. 

Similar  to  the  multidirectional  lapped  models,  the  anodized  surface  tex¬ 
ture  was  difficult  to  assess.  However,  from  a  study  of  interference  photo¬ 
graphs  and  a  posttest  profile  record  (Fig.  37l),  Model  seat  roughness 
was  estimated  at  about  3  microinches  PTV.  A  pitting  characteristic 
(possibly  accentuated  by  process  preferential  attack  of  prefinish  pits) 
is  also  evident  in  the  post-anodize  inspection  data.  Model  tungsten- 
carbide  poppet  was  formerly  used  with  Model  CC^ ;  surface  characteristics 
are  described  under  the  latter  heading. 

Model  Uj  was  tested  twice;  the  first  test  was  comprised  of  three  success¬ 
ively  increased  maximvun  stress  loops  follow’ed  by  11  cycles  to  12,000  psi. 

A  second  test  (poppet  rotated  approximately  5  degrees)  of  two  12,000  psi 
load  cycles  followed.  Figure  447  presents  a  composite  plot  of  the  result¬ 
ant  data.  The  square  data  point.s  represent  the  decreasing  load  half  of 
the  t’ir.;t  cycle  to  12,000  psi,  and  indicate  some  surface  degradation 
following  tiiis  cycle.  However,  the  stress-leakage  data  of  the  eleventh 
cycle  to  12,000  psi  fell  within  the  enscribed  envelope  suggesting  loadt- 
induced  self-healing  had  occurred.  No  posttest  damage  was  evident. 
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Test  1 ;  three  stress-leakage  cycles  to  1000,  3000  and 
12,000  psi  stress,  respectively,  folloved  by  ten  load 
cycles  to  12,000  psi  and  concluding  vith  one  stress- 
leakage  test  loop  to  12,000  psi. 


Test  2;  two  stress-leakage 
cycles  to  12,000  psi. 
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Tests  1  (O  A  0)  and  2  (x)  ,  ball  loaded,  P, 
composite  plot.  Except  as  noted  (0)  all  at 
fall  witliin  plotted  envelope. 
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Test  2,  Decreasing  Load 


IliNlH 


I  I  I  I 


II « 


hM 


Model  ,  0.7  AA  Criss-Cross  Lay,  Anodized  Seat 
(6,2— Inch  Crovn  Radius)  and  0.3  AA  Circular— Iiay 
Tmiffsten  Carbide  Poppet 

Model  Vj  seat  pre-anodize  fini.sh  treatment  was  similar  to  that  used  for 
Model  Uj  except  that  a  circular  lay  was  not  produced.  The  soft  lap  (bond 
paper  mounted  on  a  granite  surface  plate)  polishing  with  0-  to  1-micron 
chromium  oxide  compound  to  achieve  the  crowned  geometry  left  a  criss-cross 
pattern  of  random  scratches  (l'’ig.  263).  The  resultant  crown  radius  of  6.2 
inches  was  intei'preted  from  the  interference  photograph  of  Fig.  264. 

The  seat  was  anodized  like  that  of  (model  fabrication  section),  resulting 
in  the  same  general  characteristics,  i.e.,  dull  matte  appearance  with  pit¬ 
ting.  A  light  seat  polishing  with  0-  to  1-micron  chromium-oxide  compound 
in  rotary  fashion,  as  witli  Model  ,  was  also  performed  on  to  somewhat 
improve  the  surface  texture  and  make  interference  viewing  possible.  Anodize 
thiclmess  was  assessed  at  approximately  0.00019  inch  using  the  double-band 
focus  method  made  possible  by  the  transparent  (sapphire)  aluminum-oxide 
coating.  The  interference  photo  of  Fig. 265  clearly  illustrates  this  char¬ 
acteristic.  (The  number  of  10-microinch  bandwidths  between  d arkest  bands 
on  the  two  surfaces  defines  the  thickness.) 

Evaluation  of  Fig.  265  (and  similar  interference  photographs)  and  the  pro¬ 
file  record  of  Fig.  372  led  to  a  siurface  texture  PTV  interpreted  height 
of  about  2  microinche.5 ,  slightly  better  than  that  of  Model  U^..  The  tungsten- 
carbide  poppet  of  Model  CC^.  was  used  with  Model  seat. 

Stress-leakage  tests  were  performed  similar  to  those  reported  for  Model 
Uj.  Three  successively  increasing  maximum  stress  laps  to  a  final  10,000 
psi  level  were  followed  by  ten  load  cycles  to  10,000  psi  and  a  concluding 
stress-leakage  loop.  The  poppet  was  rotated  approximately  5  degrees,  and 
a  final  (test  2)  stress-leakage  loop  was  performed.  Figure  448  presents 
the  test  results  in  an  envelope-curve  arrangement  for  clarity.  In  addition, 
since  the  seat  was  crowned,  Fig.  448  shows  the  increasing  load  characteristic 
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Test  1;  Three  stress-leakage  cycles  to  1000, 
3000  and  10,000  psi  stress,  respectively, 
followed  by  ten  load  cycles  to  10,000  psi  and 
concluding  with  one  stress-leakage  loop  to 
10,000  psi 
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Test  2;  One  stress-leakage  cycle  to 
10,000  psi 


Test  1;  Increasing  load,  average  seat 
stress  based  on  Hertz  contact  area 
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Tests  1  (0  AQj  increasing  loads  and  2  (x) 
decreasing  loan  composite  plot.  Ball  loaded 
=  1000  psig.  All  other  data  points  fall 
within  plotted  envelope 
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based  on  average  stress  Hertz  analysis  considering  actual  contact 

land  width  (21^).  For  this  analysis,  the  seat  material  w^as  assumed  to  be 
aluminum  oxide  (sapphire)  having  a  modulus  of  46  x  10^  psi.  Over  the  span 
shown,  the  computed  land  w’idth  varies  from  0.00271  to  0.0167  inch. 

The  advantage  of  the  crowai  surface  at  low'  loads  is  apparent  in  this  model 
w'here  light  loads  may  be  concentrated  at  the  land  center  to  decrease  the 
gap.  Model  and  have  the  same  leakage  at  10,000  psi  apparent  stress 
indicating  similar  roughness  levels;  however,  at  low'  loads  Model  leaks 
considerably  less  than  U^. 


PLATED  MODELS 

Models  Wj ,  0.6  AA  Unidirectional  Lay  440C  Poppet  and 
Seat  and  ,  Gold-Plated  Seat 


The  preplating  reference  surface  of  Model  V^,  (refinished  from  Model 
after  cycle  test  presented  later)  represented  a "standard easi ly  produced, 
unidirectional  lay  configuration  similar  to  that  of  many  models  produced 
for  the  test  program.  Figures  266  and  267  typically  illustrate  surface 
texture  which  was  assessed  at  1.6  and  1.8  microinches  PTV,  respectively, 
for  poppet  and  seat.  The  seat  land  corners  were  dubbed  to  approximately 
0.07-inch  radius  as  Fig.  268  shows.  (The  marked  contrast  of  this  photo¬ 
graph  is  due  to  a  lighting  variation;  the  evenly  cropped  bands  are  not 
indicative  of  the  actual  surface  texture  condition.)  Figure  449  presents 
the  results  of  the  reference  stress-leakage  test. 

Model  seat  was  gold  plated  to  a  44-micro  inch  nominal  thickness  and 

probably  exhibits  most  of  the  discrepancies  possible  in  the  process  used. 
Corner  buildup,  assessed  at  something  greater  than  20  microinches,  was 
difficult  to  resolve  by  interference  bands  due  to  the  matte  texture  of  the 
gold  plate.  Figure  269,  illustrates  the  corner-plating  buildup  after  test 
where  some  plastic  flow  has  increased  reflectively.  Typical  of  all  models, 
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several  microinches  buildup  at  the  land  OD  and  approximately  20  microinches 
at  the  ID  is  evident.  Thus,  for  all  models,  contacting  landvidth  is  vari¬ 
able  and  undefined.  Consequently,  the  resultant  stress-leakage  test  results 
reflect  a  contact  stress  greater  than  indicated. 

Figures  270  and  271  picture  the  plating-void  defect.  It  is  unknown  whether 
this  was  caused  by  complete  lack  of  a  nickel  strike  in  this  area  or  a  prop¬ 
erly  pre-plated  but  subsequently  contaminated  condition.  Doth  noted  photo¬ 
graphs  were  taken  after  test,  and  Fig.  271  shows  a  greater  plastic  deformation 
characteristic  adjacent  to  the  void  than  in  the  surrounding  area,  indicating 
the  presence  of  a  raised  edge.  Thus,  while  the  single  void  is  not  particularly 
detrimental  to  sealing,  the  raised  portion,  requiring  additional  flattening 
load,  would  be. 

A  similar,  though  more  pronounced  defect  is  pictured  in  Fig.  272  and  273- 
This  crack  (as  with  the  circular  void,  a  function  of  the  nickel-strike  con¬ 
dition)  was  approximately  O.OOOlp  inch  wide.  Assuming  a  depth  equal  to  the 
nominal  plating  thickness  of  44  microinches,  crack  leakage  at  1000  psig  would 
be  approximately  0.008  scim.  More  important,  however,  is  the  raised  con¬ 
dition  present  at  the  crack  edges  (Fig.  274).  Assessment  of  this  defect 
indicates  a  peak  height  of  some  40  microiuches  above  the  nominal  surface. 
Neglecting  the  ID  buildup,  this  defect  would  create  an  out-of-parallel 
condition  equivalent  to  a  parallel  plate  gap  of  27  microinches,  an  intoler¬ 
able  condition  if  occurring  on  an  otherwise  blemish-free  surface.  Avoiding 
the  complexities  of  a  plastic-elastic  deformation  analysis,  it  is  neverthe¬ 
less  apparent  that  the  ridged  characteristic  would  be  far  more  detrimental 
to  sealing  capability  than  the  initiating  crack.  Figure  274  also  illustrates 
the  granular  plating  composition  typical  of  all  models. 

Model  was  tested  initially  with  successively  higher  maximum  stress- 

leakage  loops  of  3000,  10,000  and  30,000  psi.  Following  these  initial 
loops  to  demonstrate  plastic  deformation  characteristics,  five  30,000-psi 
maximum  stress  load  cycles  were  performed,  concluding  with  a  final  stress- 
leakage  loop.  The  results  are  shown  in  Fig.  450. 
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Figure  450. 
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Stress-Leakage  Data  for  Test  Model  Test  1 
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With  this  model,  the  large  hysteresis  loops  are  indicative  of  localized 
nodular  plastic  deformation,  thus  reducing  leakage  at  elevated  stresses. 

The  out-of-parallel  effect  is  so  pronounced,  however,  that  all  loops  re¬ 
turn  to  nearly  the  same  low-stress  level  leakage  giving  a  false  indica¬ 
tion  of  minimal  plastic  deformation.  The  abrupt  slope  change  at  1000  psi 
stress  probably  indicates  the  point  at  which  the  ridged  crack  height  has 
been  elastical ly-plastically  deformed  to  the  level  of  the  ID  built-up  area. 
(The  majority  of  sealing  luidoubtedly  took  place  at  the  ID.)  Considerably 
more  rigid,  the  ID  hump  prevented  further  significant  ridged  crack  deforma¬ 
tion  at  stresses  above  1000  psi.  Ridge  elastic  spring  back,  however,  is 
effective  at  the  lower  stress  levels  causing  the  noted  leakage  increase  in 
this  region. 

Figure  450  also  presents  an  overlay  of  the  Model  W'^  stress-leakage  curve. 
Over  the  1000  to  10,000  psi  range.  Model  leaks  approximately  100  times 
more  than  its  preplated  counterpart.  The  undefined  contact  landwidth  of 
W'j^  precludes  explicit  comparison,  but  between  1000  and  10,000  psi  its 
performance  is  very  similar  to  that  of  the  6  AA  multidirectional-lapped 
Model  D. 

Posttest  inspection  photographs  of  resultant  plastic  deformation  are  shown 
as  Fig.  275  and  276.  The  latter,  taken  at  the  same  place  as  Fig.  273 j 
shows  the  granular  surface  characteristic  of  the  plated  models;  the  poppet 
lay  has  been  impressed  on  the  more  severely  deformed  nodules.  Figure  275 j 
at  lesser  magnification,  illustrates  the  overall  grainy  structure  and  the 
more  pronoimced  ID  plastic  deformation  (built-up  area).  The  center  streak 
is  void  of  plating  similar  to  that  shown  in  Fig.  271. 


Model  41-Degree  Seating  Angle, 

Gold-Plated  Seat 


This  model  is  the  plated-seat  version  of  Model  G^ ,  discussed  in  the  conical 

and  spherical  model  section.  The  poppet  was  unchanged,  while  the  seat, 

like  that  of  Model  was  plated  44  microinches  thick.  Model  G  ,  did 

f2  cl 


571 


not  evidence  all  the  defects  noted  on  Y^2>  have  the  granular  sur¬ 

face  structure  and  ID  buildup  characteristic  of  the  latter.  Pretest  photo¬ 
graphs  of  the  plated  surface  were  indistinct  due  to  the  matte  texture ,  and 
interference  bands  could  not  be  resolved.  Posttest  inspection,  however, 
indicated  the  general  characteristic. 

Model  G  was  tested  twice.  Test  1  was  comprised  of  two  stress-leakage 
cl 

loops  to  3000-  and  10,000-psi  stress,  respectively.  A  stress-leakage  loop 
to  50,000  psi  initiated  test  2,  followed  by  five  load  cycles  to  50,000  psi, 
and  a  final  stress-leakage  loop.  The  results,  together  with  an  overlay 
of  the  Model  characteristic  curve,  are  presented  in  Fig.  451. 

Unlike  Model  some  low-stress  indications  of  plastic  deformation  are 

evident  with  0^^^.  The  large  hysteresis  loops  are  further  evidence  of 
nodular  deformation.  The  final  stress-leakage  curve  has  about  the  same 
slope  as  the  unplated  version  up  to  4000-psi  apparent  stress  since  both 
models  have  a  differential  seating-angle  condition  with  similar  compliance 
characteristics.  However,  the  ID  plating  buildup  reduces  the  length  of 
land  over  which  the  differential  gap  extends,  and  ultimately,  the  ID  ridge 
is  contacted,  creating  a  stiffen  bearing  surface.  The  slope  change  at 
4000  psi  is  indicative  of  this  condition  and  the  increased  roughness  of 
the  gold  plate. 

It  should  be  further  noted  that,  due  to  the  differential  angle.  Model  G^^ 
contacting  land  is  more  highly  stressed  than  that  of  Y^2>  'thus  accounting 
for  the  leakage-rate  difference  between  the  two.  Furthermore,  G^^  poppet 
has  a  circular  lay  which  contributes  to  the  reduced  leakage.  On  the  other 
hand,  leakage  difference  between  G^  and  G^^  is  not  so  much  due  to  poor 
plating  as  to  the  excellence  of  the  initial  circularlay  finish  which  was 
submerged  by  the  plating  operation. 


As  anticipated,  posttest  inspection  revealed  OD  and  ID  plastic  deformation. 
The  differential-angle-caused  initial  contact  was  at  the  OD  followed  by 
subsequent  ID  contact  as  illustrated  by  Fig.  236  and  237-  This  evidence 
supports  the  observations  made  in  discussing  the  stress-leakage  test  curves. 
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Figure  451 . 


10  10- 
Nitrogen  Leakage,  scim 
Stress-Leakage  Data  for  Test  Model 


Tests  1  and  2 


Models  Tj ,  0,0  M  Unidirectional  Lay  4^iOC  Poppet  and 
Seat  and  ,  iiol d-?l ated  Seat 

flodel  was  liiiishcd  similar  to  Y„^  to  provide  a  reference  surface  for 
gold-platinv  evaluation.  Poppet  and  seat  rou^luiess  PTV^  heights  were  both 
assessed  at  1.2  microinches.  I’espectively  (Fig.  277  and  278).  The  seat 
corners  (Fig.  279)  'vere  slightly  dubbed. 

One  reference  stress-leakage  test  \v'as  performed  on  Model  T^, ;  Fig.  452 
presents  the  results.  Model  >  Fy  comparison  (Fig.  449),  leaked  only 
4  to  5  times  more  which  indicates  the  reproducibility  of  the  "standard" 
surface.  The  increase  in  low  stress  decreasing  load  leakage  over  the 
initial  value  is  indicative  of  minor  damage,  although  posttest  inspection 
revealed  no  visible  evidence  of  such  damage. 

Following  reference  surface  tests,  the  seat  was  gold  plated  30  to  31  micro¬ 
inches  thick  to  form,  with  the  unchanged  poppet,  Model  l.£j*  (I'lie  intended 
thickness  had  been  10  to  20  microinches.)  The  resultant  surface,  while 
evidencing  corner  buildup  of  3  to  4  microinches  (OD)  and  approximately 
20  microinches  at  the  ID  (Fig.  280),  was  more  uniform  in  appearance  than 
the  thicker  coated  models.  (Plating  granules  were  somewhat  smaller.) 

Similar  to  the  other  plated  versions,  Model  T^^  was  tested  with  three 
initial  stress— leakage  loops  followed  by  six  load  cycles  to  establish  a 
stable  deformed  condition,  and  finished  with  a  final  stress-leakage  loop 
(Fig.  453)-  Plastic  deformat  ion  is  indicated  by  both  hysteresis  loops 
and  successively  reduced  low-stress  leakage.  Since  the  seat  geometry 
was  relatively  uniform,  i.e,,  a  20-microinch  circumferential  ID  hump, 
the  final  (x's)  stress  leakage  loop  reflects  a  continual  flattening  of 
the  hump  asperities  and  development  of  increasing  land  width. 

The  high  contact  stress  attendant  with  the  rioted  geometry  and  the  uniform 
surface  texture  resulted  in  Model  attaining  the  same  leakage  level  as 
the  nori-plated  reference  version  at  10,000  psi.  Even  at  1000  psi,  plated- 
model  leakage  is  only  15  times  that  of  T^.  Nevertheless,  the  gold  plating, 
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Figure  452.  Stress-Leakage  Data  for  Test  Model  T.,  Test  1 
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Figure  453.  Stress-Leakage  Data  for  Test  Model  Test  1 
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as  applied,  resulted  in  a  deterioriation  of  model  performance.  A  detailed 
investigation  of  improved  plating  processes  capable  of  producing  a  gold  film 
with  surface  texture  PTV  height  equal  to  or  less  than  the  model  base  metal 
was  beyond  the  scope  of  the  experimental  effort. 

Posttest  inspection  indicated  that  full  land  contact  had  been  developed 
as  a  comparison  of  Fig.  280  with  281  illustrates.  The  improved  reflectivity 
of  Fig.  281  indicates  some  plastic  deformation  of  nodules  from  ID  to  OD. 
However,  as  Fig.  282  shows,  the  bulk  of  the  plastic  deformation  occurred 
at  a  very  narrow  ID  land  where  the  ridge  hieght  was  reduced  to  about  9 
microinches . 


COATED  MODELS 

Model  AA^,  0.3  AA  Tungsten  Carbide  Poppet, 
0,2  AA  Crowned  440C  Seat,  Circular  Lays, 
Silicone  Fluid  Evaluation 


Although  finished  with  smooth  circular  lay  surfaces,  Model  AA^  did  not 
seal  as  well  as  expected  due  to  the  pitted  condition  of  the  poppet  (Ref¬ 
erenced  in  discussion  of  Surface  Texture  Evaluation  section  and  Fig.  423) 
It  thus  represented  a  good  model  for  evaluation  of  a  fluid  coating  to  im¬ 
prove  leakage.  The  very  viscous  (l00,000  centistoke)  "Viscasil  100,000" 
silicone  fluid  was  selected  for  this  investigation  which  was  initiated 
immediately  after  the  above  referenced  tests.  Figure  454  presents  the 
results  as  discussed  below. 

Tests  3  through  5  were  performed  in  the  clamped  condition  (following  ball- 
vs-claraped-loading  comparison  tests  1  and  2),  while  the  subsequently  per¬ 
formed  test  6  was  done  with  ball  leading.  As  the  stress-leakage  curve 
overlay  of  tests  1  and  2  indicates,  virtually  no  difference  between  the 
two  loading  methods  was  detected  with  the  very  parallel  Model  AA^. 

The  results  of  the  first  "Viscasil"  test  (3)  represent  an  unexplained 
phenomenom  as  no  significant  change  was  noted.  However,  test  4,  after 
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Seat  Stress,  psi 


Figure  454.  Stress-Leakage  Data  for  Test  Model  AA„,  Tests  5  through  6 
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two  4500-psi  stress  cycles,  reflects  a  marked  sealing  improvement.  Test 
5, performed  2  weeks  later  (assembled  model  was  stored  in  the  tester), 
yielded  virtually  the  same  results  as  test  4,  and  for  clarity  is  not  plot¬ 
ted.  The  model  was  disassembled  and,  without  fluid-coating  removal,  stored. 
After  two  months.  Model  AA^  was  dry  wiped  to  remove  contaminants  and  re¬ 
assembled  into  the  tester  with  ball  loading.  Initial  checks  indicated, 
as  with  test  3)  leakage  similar  to  the  uncoated  version.  After  four  load 
cycles  to  approximately  4500  psi ,  however,  the  final  data  of  test  6  dupli¬ 
cated  the  improved  condition  previously  noted. 

Following  test  6  the  model  was  disassembled,  cleaned  with  freon  and  hot 
trichloroethylene,  and  reassembled  in  the  tester.  Stress-leakage  checks 
indicated  satisfactory  return  (factor  of  two  higher)  to  the  original,  un¬ 
coated  version. 

From  the  results  of  Model  AA^  tests,  a  significant  performance  improvement 
due  to  fluid  coating  was  evident.  This  evidence,  however,  was  somewhat 
tempered  by  the  load  cycling  necessary  in  two  cases  to  duplicate  results. 
Accordingly,  additional  tests  on  other  models  were  performed  as  subsequently 
discussed. 


Model  ,  0.6  AA  Circular  Lay  440C  Poppet  and 
Seat,  Fluid  Coating  Evaluation 

In  the  continuation  of  fluid  coating  testing.  Model  was  selected  as  a 
test  vehicle  representing  a  relatively  easily  produced  circular  lay  finish. 
Furthermore,  since  the  initial  investigation  with  Model  AA^  involved  only 
one  fluid,  additional  compounds  were  chosen  for  Model  tests.  These 
included  retest  of  "Viscasil  100,000;"  a  second,  less  viscous  silicone 
fluid,  "Versilube  F-50;"  and  an  extreme  pressure  diester  oil,  "Brayco" 
NPT-5. 

Finally,  after  tests  of  the  above  fluids,  the  seat  (only)  was  Oronite 
treated.  This  simple  process  involved  immersion  of  the  300  F  preheated 
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seat  into  200  P  Oronite  oil  for  4  hours.  The  part  vas  cooled  and  resid¬ 
ual  Oronite  removed  by  flushing  in  benzene  (chlorinated  solvents  are  not 
recommended).  A  final  dry  wipe  to  remove  dust  particles  vas  performed 
prior  to  tester  installation. 

The  stress-leakage  curves  of  Fig.  455  summarize  the  results  of  Model 
fluid— coating  testa.  As  might  be  expected,  the  "Viscasil  100,000"  fluid 
caused  the  greatest  change  in  leakage  performance.  The  single  data  point 
obtained  represents  a  five-hundredfold  reduction  in  leeikage  at  only  3^0 
psi  apparent  stress.  The  dash-lined  slope  is  assumed  since  leak  measure¬ 
ment  limitation  precluded  obtaining  higher  stress  data,  and  with  much 
lover  loads,  balance  pressure  measurement  error  affects  calculated  stress 
accuracy. 

"Versilube  F-50",  was  next  in  effectiveness.  It  was  noted,  however,  that 
both  "Viscasil"  and  "Versilube"  were  easily  removed  with  benzene  or  freon 
wiping,  with  subsequent  return  to  the  clean  or  control-test  condition. 

The  "Brayco"  and  Oronite  films,  however,  were  more  tenacious.  Hand  scrub¬ 
bing  with  freon  and  benzene  caused  the  "Brayco"  version  to  return  only 
halfway  to  the  control-test  level.  Hot  trichloroethylene  sonic  cleaning 
and  vapor  degreasing  was  required  to  remove  the  coating,.  Similarly,  the 
Oronite  film  while  producing  the  least  effect,  also  achieved  the  most 
lasting.  As  the  data  of  Fig.  455  shows,  the  Oronite  vei'sion  remained 
essentially  unchanged  after  cleaning  operations  of  benzene,  freon,  and 
hot  trichloroethylene  (the  latter,  as  previously  indicated,  alleged  to  be 
detrimental  to  film  adhesion).  Furthermore,  since  only  the  seat  was 
coated,  it  is  probably  that  a  fully  treated  model  would  yield  a  signifi¬ 
cantly  greater  leakage  reduction. 

Thus,  the  beneficial  aspects  of  a  few  fluid  film  coatings  were  demonstrated 
with  Model  Certainly,  many  other  compounds  could  be  investigated, 

not  only  from  an  initial  sealing  improvement  standpoint,  but  for  the  cyclic 
wear-reduction  potential.  As  previously  noted,  however,  extensive  evalua¬ 
tion  of  platings  and  coatings  was  beyond  the  scope  of  the  program.  Never¬ 
theless,  the  approach  appears  to  warrant  further  investigation. 


Seat  Stress ,  psi 


II  ii  ii  ti  li  fi  II  li  fi  II  ii  II  ii  ti  ti  SI  SI  SI  I 


10^  1 

1 

9 


3  4  5  6  7  S  9  1 


3  4  5  6  7  8  91 


3  4  567891 


3  4  567891 


3  4  567891 


|9sa9!!iisiil 


^smsnnBse 


_ 

ISBgESH^gaaSSiHiiafsi . 


iSiS 

iHI 

Miii!  sill 


_  IBSBBI 


iBSIS 


lESi 


imiii!l 

__  SSMBS 

Siiai!g 


ssasiii 


- Test  1;  Overlay,  lief.  Fig.  414 

O  Test  4:  Uncoated  Control  Test 
A  Test  5:  GE  "Viscasil"  100,000  Silicone  Fluid 
0  Test  6:  Brayco  NPT-5  Diester  Oil 
X  Tost  7:  GE  "Versilube"  F-50  Silicone  Fluid 
O  Test  8;  Oronite  Film  3 


•iMniMMil 

StUUflll  _ 
(til-  IM  I 


mil 

mti 

iitii 

IHIIIII 


il 


HiSMtli _ 

iiiSiii 

'  DSB  Enia  SIS  mu'  ZS*^ 


Test  9!  After  Oronite  Removal  Attempts 


iMHISniSBI 

"iaiifieiSMr- 


BBWa 


ms 


aga,-ugSgiBBga=BSSB^SaiKSi^SSaBBliaai^l^^BPiBigwB 


IgeiSiieiSli 


_ iHHIlIBBUnHHiUH 


isliliBHima 


elk. 


liMSiliSi 


lli*Fis 


_ 

limits 


iassaSiiiKi 


ilKiSii 


iBliisiiiSiiii 


sliSEimaE 

laaaaaagBai 


SHRlRIllilillKiKiMRi::::: 


laissai 


sissi 


■MMWSBMWWnMMMWl 


imBmU 


imi 


Nitrogen  Leakage,  scim 


Figure  455*  Stress-Leakage  Data  for  Test  Model  Tests  4  Through  9 


The  marked  improvement  in  sealing  capabilities  demonstrated  by  Models  AA^ 

and  were  achieved  with  circular  lay  surfaces.  A  disadvantage  of  the 

purely  fluid  coatings  has  been  illustrated  by  the  subsequently  discussed 

unidrectional  lay  Model  J 

^  fl 


Model  0*6  AA  Unidirectional  Lay  440C 

Poppet  and  Seat,  Fluid-Coating  Evaluation 

The  effect  of  "Viscasil  100,000"  on  the  sealing  characteristic  of  unidi¬ 
rectional  lay  surfaces  was  investigated  with  this  model.  The  results  are 
shown  in  Fig.  456.  Although  the  surfaces  had  not  been  reworked  (from  the 
passivated  condition),  test  3  vas  performed  for  control  purposes.  The 
test  results  agreed  with  those  previously  established  (Fig.  446,  test  l). 

Model  poppet  and  seat  were  coated  with  "Viscasil"  fluid  and  the  data 

of  test  4  obtained.  It  will  be  noted  that  the  basic  stress-leakage  loop 
indicates  a  leakage  reduction,  though  not  of  the  magnitude  achieved  with 
models  AA^  and  However,  in  two  l/2-hour  hold  periods  at  600-psi 

stress  (Pj  =  1000  psig),  successive  increases  in  leakage  were  observed. 
This  characteristic  was  indicative  of  fluid  (sealant)  flow  through  the 
contacting  surfaces.  Posttest  inspection  verified  this  assumption  as  a 
ring  of  "Viscasil"  was  visible  on  the  poppet  at  a  diamter  equivalent  to 
the  seat  OD.  It  is  probable  that  some  sealant  flow  occurred  on  the  much 
longer  leak  path,  circular  lay  Model  B^j^,  but  the  time  dependency  factor 
is  not  known. 

From  the  preceding  evidence  it  may  be  concluded  that  the  unidirectional 
lay  surface  does  not  lend  itself  to  effective  leakage  suppression  by  fluid 
coatings  unless  the  roughness  PTV  dimension  approaches  the  molecular  size 
of  the  fluid  used.  On  the  other  hand,  the  more  tenacious  Oronite  coating 
might  prove  effective  on  this  type  surface. 
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OBSERVATIONS 


The  processed  plated  and  coated  models  investigated  represent  only  a  small 
part  of  the  multitude  oT  treatment  and  variations  thereof  possible.  The 
intent , primari ly ,  was  to  demonstrate  the  potentially  good  and  adverse 
effects  of  such  techniques.  Thus,  a  frame  of  reference  for  specific  con¬ 
ditions  is  eatablished  from  which  further  effort  may  be  directed. 

As  previously  stated,  the  liquid-hone  approach  holds  little  promise  in 
the  realm  of  low-leakage  seals.  Experiments  with  fine  particles  and 
flours  may  jjrove  reasonably  successful  in  producing  surfaces  of  roughness 
level  similar  to  the  lapped  texture.  However,  such  surfaces  probably  w'ould 
not  be  sufficiently  uniform  for  low  leakage  applications  because  of  the 
potential  grading  and  contamination  problem  associated  ivith  a  large  volume 
of  reused  grits.  Moreover,  the  inherent  sharpness  of  the  pitted  profile 
results  in  a  very  poor  closure  characteristic. 

The  results  obtained  v/ith  Model  indicate  that,  for  fine  finishes,  the 

passivation  teclmique  employed  was  deleterious  to  performance.  It  is 
probable  that  experiments  with  different  solxitions  and  processing  techniques 
would  have  led  to  a  noninjurious  procedure.  Ilow'ever,  the  basic  need  for 
the  process  was  not  demonstrated  by  the  numerous  models  utilized  in  the 
test  program.  No  instance  of  surface  deterioration  due  to  fabrication 
contamination  was  noted  on  either  the  440C  or  17-4PH  material  over  a  2- 
year  period,  and  except  for  model  none  were  passivated.  This  lack 

of  substantiation  is  not  necessarily  conclusive,  but  strongly  indicates 
that  the  potentially  adverse  effects  of  the  passivation  process  on  seal¬ 
ing  surfaces  should  be  avoided. 

The  material  handling  and  assembly  of  aluminum  sealing  surfaces  present 
a  constant  damage  hazard.  Thus,  excejjt  for  noncompatible  applications, 
anodizing  is  dictated.  However,  for  optimum  performance,  the  anodized 
surface  must  be  refinished  to  remove  pitting  and  sharp  nodules  caused  by 

the  process. 
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\Vhile  the  experiments  using  gold  plating  may  be  termed  a  failure,  they 
do  provide  valuable  data  since  the  reasons  for  failure  have  been  docu¬ 
mented.  This  information  may  serve  to  explain  the  lack  of  improvement 
often  noted  vhen  gold  or  other  platings  are  employed  to  alleviate  trouble¬ 
some  sealing  problems.  It  further  emphasizes  the  necessity  for  process 
control  to  the  dimensional  level  associated  vith  performance  requirements. 

The  results  of  fluid-coating  evaluations  indicate  this  approach  to  leakage 
reduction  offers  great  promise  and  should  be  explored  in  detail.  The  tests 
indicate  that  fluids  retained  primarily  by  surface  tension  are  helpful 
only  if  circular  lay  surfaces  are  employed  and  then  for  an  indeterminate 
period.  For  long-lived  performance  improvement,  however,  it  appears  that 
chemical  compounds  either  transforming  or  bonding  to  the  surface  are 
required. 
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SEATING  ERROR  INVESTIGATION 


Although  aome  notable  failures  vere  experienced,  the  intent  in  fabrication 
of  test  models  was  to  produce  a  sample  surfaces,  free  of  major  discrepancies, 
with  single -parameter  variations.  Thus,  for  example,  the  lapped  models 
were  formed  with  sufficient  precision  to  permit  surface  texture  evalua¬ 
tions  without  undue  extraneous  influence.  In  this  portion  of  the  experi¬ 
mental  test  effort,  the  following  seating  errors,  avoided  in  normal  test 
model  fabrication  and  testing,  but  commonly  present  in  actual  valve 
applications,  were  deliberately  exaggerated  and  evaluated. 


SEATING  ERRORS 

1.  Scratches  (Model  G).  To  correlate  flow  equations  with  test  data, 
scratches,  having  width  and  depth  large  with  respect  to  surface 
texture  asperities,  were  formed  on  one  model. 

2.  Out-of-flat  (Models  H  and  l).  Two  out-of-flat  (solid  cylindrical 
segment)  conditions,  8  and  24  microinches  total  were  tested. 

3.  Out-of-parallel  (Model  B).  Poppet  canted  125  microinches  relative 
to  the  0.500-inch  seat  diameter. 

4.  Tilted  cone  axes  (Models  E  and  H  ).  Poppet-seat  cone  axis 

c  c 

angular  deviations  were  tested  on  both  0.005—  and  O.O3O-  inch 
land  width  models. 

5.  Contamination  (Model  L).  The  load  required  to  envelope  con¬ 
taminants  of  known  quantity  and  material  was  determined  for 
lead  and  diamond  particles. 


TEST  RESULTS 

The  test  results,  together  with  analytical  correlation,  are  presented 
in  the  following  model  sections. 
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Model  G,  0.3  AA  Multidirectional  Lapped  44QC  Poppet  and  Seat,  Poppet 
Scratched 


Model  G  poppet  and  seat  were  the  same  as  used  for  test  model  F  except 
that  the  poppet  was  reworked  to  a  fine  polished  finish.  Examination 
of  the  inspection  data  of  Table  4  shows  that  the  reworked  Model  G  poppet 
has  no  measurable  roughness  or  waviness,  and  contains  only  widely 
scattered  nodules  with  an  average  height  of  2.3  microinches.  Figure  285 
shows  an  interference  photograph  of  this  surface. 

For  the  scratch  evaluation,  the  polished  poppet  was  scratched  radially, 
using  the  diamond  indenter  from  the  Leitz  microhardness  tester.  This 
indenter  is  the  Vickers  pyramid  configuration  which  has  a  depth-to- 
diagonal  ratio  of  1:7-  After  four  scratches  located  at  90-degree 
intervals  were  scribed  on  the  surface,  the  poppet  was  polished  to 
remove  the  feather  edges  along  the  scratch.  Figure  286  shows  a  typical 
scratch  (No.  2  in  the  following  table)  after  the  polishing  operation. 
Each  of  the  scratches  were  slightly  different;  the  following  table  des¬ 
cribes  the  average  depth  (h),  width  (\),  and  angle  (^)  for  all  four. 


Scratch  No . 

Depth, 

microinches 

Width, 

microinches 

Angle, 

Degrees 

1 

31.8 

522 

7.0 

2 

31.8 

391 

9.3 

3 

42.4 

391 

12.4 

4 

37.1 

435 

9.4 

Test  1  (rig.  457)  was  performed  to  establish  model  stress— leakage 
characteristics  before  scratch  application.  The  plotted  curve  repre¬ 
sents  the  fourth  cycle  to  a  60,000— psi  stress  conducted  with  the  ball- 
loading  device.  The  high  leakage  rate  below  the  lOOO-psi  stress  level 
is  attributed  to  conteunination. 
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ess-Lealcage  Data  for  Test  Model  G,  Tests  1  and  2 


Test  2  illustrates  Model  G  leakage  information  after  the  scratches  were 
scribed  on  the  poppet.  This  curve  represents  the  sum  of  surface-texture 
leakage  and  the  leakage  through  the  four  scratches.  To  find  the  net 
scratch  leakage,  the  data  of  test  1  was  subtracted  from  that  of  test  2. 
This  scratch  leakage  is  shown  as  a  dashed  line  in  Fig.  ^57. 


To  correlate  net  scratch  leakage  with  analytical  data, 
equation  was  used: 


.5  (X)  -  p/)  r  T 

- —FT? - ^  L  Mj^h  J 


the  following 


4.5  X  loMx)  (p^  -  P2)  r 

L  T  ' 


This  basic  equation  was  presented  in  the  Seating  Analysis  section  and 
has  been  modified  by  substituting  scratch  width  (x)  for  (77  D^)  and  elimi¬ 
nating  the  deflection  term.  and  are  the  flat  plate  averaging 
factors  for  a  saw  tooth  surface  and  are  O.63  for  laminar  flow  (M^^)  and 
0.58  for  molecular  flow 


Because  the  four  scratches  are  not  identical,  data  were  computed  inde¬ 
pendently  for  each  as  follows: 


Q  = 

Scratch  No . 

1 

0.975 

X 

10 

scim 

f.... 

Scratch  No . 

2 

Q  = 

0.730 

X 

_o 

10 

scim 

1— ' 

0 

Scratch  No . 

3 

Q  = 

X 

10 

scim 

tSi 

1.294 

,  r.-2 

Scratch  No . 

4 

Q  = 

X 

10 

scim 

^  Q  =  4.739  X  10  scim 


The  flow  correlates  very  well  (8  percent  at  a  1000-psi  stress)  with  the 
net  scratch  leakage  of  Fig.  457-  -4  mathematical  stress  vs  lea]cage  model 

has  not  been  developed  for  scratch  flow,  but  it  can  be  seen  from-  the 
experimental  results  that  the  scratch  leakage  has  been  reduced  by  one- 
half  at  a  60, 000-psi  stress.  Several  more  tests  with  scratches  of  varying 
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depth  should  bo  porl'onnod  hoToro  any  conclusion  can  be  reached  as  lo 
the  stress- letikiiae  relationship  tor  scratches. 


Models  It  and  I,  1* ■  6  AA  Multidirectional  Lay  440C  Poppet  tind  Seat,  Out- 
of-riat  Tests 


The  out-of-tlat  conl'iguration  consisted  ot  curvature  in  one  plane,  i.e., 

;i  solid  cylindrical  segment.  Of  the  two  models  fabricated,  one  had  a 
chordal  height  of  8  microinches  (ll),the  other  24  microinches  (l ) .  Doth 
out-of-flat  surfaces  were  formed  on  the  poppet  because  it  had  a  contin¬ 
uous  surface  which  was  measured  easily.  The  common  seat  was  flat  within 
3  microinches.  Surface  measurements  were  taken  on  the  Proficorder, 

Cleveland  height  comparator,  and  an  optica]  flat  to  ensure  correct 
definition  of  the  surface  contour. 

The  intention  was  to  keep  the  surface  rougluiess  of  these  test  models  the 
same  as  the  2-microinch  AA  Multidirectional  surface  of  Model  B.  This 
surface  texture  was  used  as  a  datum  to  examine  other  variables  such  as 
gross  geometry  and  material  properties.  Because  of  the  variables  in  the 
lapping  process,  however,  Models  II  and  I  were  slightly  rougher  than 
Model  B. 

Model  H  poppet  surface  texture  was  the  same  as  the  seat  which  had  a  sur¬ 
face  roughness  PTV  height  of  7.4  microinches  and  an  angle  of  1.2  degrees. 

No  waviness  was  noted,  but  5  percent  of  the  surface  was  composed  of  nodules 
with  an  average  height  of  4.4  microinches.  These  parameters  were  deter¬ 
mined  from  the  Proficorder  trace  (Pig.  373)  and  the  interface  photographs 
(Fig.  287  and  288). 

The  seat  was  common  to  Models  H  and  I;  however,  Model  H  poppet  was  reworked 
after  test  to  the  Model  I  configuration.  Model  I  poppet  had  a  roughness 
P'^TT^  height  of  7-9  microinches,  an  angle  of  1.3  degrees,  and  widely  scattered 
nodules  4.7  microinches  in  height.  These  parameters  were  determined  from 
the  Proficorder  trace  (Fig.  374)  and  interference  photograph  (Fig.  289). 

Even  though  the  surface  roughness  of  these  models  was  close  to  2.3  micro¬ 
inches  AA,  it  was  assumed  that  they  approximated  the  datum  roughness 
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value  (2  microinches  AA) ;  therefore,  gross  geometry  flatness  change 
could  he  viewed  as  an  independent  variable. 

The  test  results  of  Models  H  and  I  are  shown  in  Fig.  ^5S.  Tests  1  and  2 
were  conducted  on  the  8-microinch  cylinder  (Model  H)  at  an  inlet  pressure 
of  1000  psig  and  stresses  up  to  60,000  psi.  Test  1  W'as  conducted  with  the 
poppet  clamped,  whereas  test  2  was  with  the  hall-loading  device  installed. 
The  difference  in  leakage  at  the  low-stress  levels  is  attributed  to  the 
out-of-parallel  condition  caused  by  clamping  the  poppet  to  the  piston.  The 
stress-leakage  curve  for  the  24-microinch  cylinder  (Model  I,  test  l)  w^as 
conducted  with  the  ball-loading  device. 

In  examining  the  curves  of  Fig.  4^8  and  comparing  the  curve  shape  with  the 
test  data  obtained  from  Model  B,  it  was  concluded  that  the  out-of-flat  con¬ 
dition  did  not  alter  appreciably  the  stress-leakage  characteristics.  This 
conclusion  is  further  substantiated  by  the  similarity  of  the  8-  and  24- 
microinch  curves  which  were  very  close  at  high  stresses  and  differed  only 
by  a  factor  of  2  to  3  at  the  low-stress  levels. 

A  simplified  deformation  analysis  based  on  Hertz  contact  of  a  cylinder  on 
a  flat  plate  can  be  made  for  these  out-of-flat  surfaces  to  support  the  above 
conclusions.  The  unwrapped,  out-of-flat  curve  in  the  following  sketch 
describes  two  cycles  of  a  sine  wave.  An  approximation  of  the  load  required 
to  flatten  each  peak  may  be  obtained  by  assuming  the  peaks  are  represented 
by  two  cylindrical  segments  having  chordal  distances  of  one-half  the  mean 
seat  circiimf erence .  This  results  in  a  minimum  deformation  for  a  given  load. 
It  is  assumed  that  the  L/D  and  h/L  ratios  are  small. 
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Figure  458,  Stress— Leakage  Data  for  Test  Models  H  and  I,  Tests  Noted 


The  assumed  cylinder  diameter  may  be  expressed  as: 


77-"  D  ^ 

j  ^ 

^  l6h 


Describing  the  total  seat  load  in  terms  of  apparent  seat  stress  the 
expression  for  deformation  is: 


6  =  -tn 


1.57  Dg  Sa 


or  in  terms  of  total  seat  load,  F, 


vhere 


=  I 

D  “  Fa 
s 


D 

s 

F 

h 

L 

S 

ei 


mean  seat  diameter,  inches 
total  seat  loads,  pounds 
pealc— to-val.ley  height,  inches 
land  width,  inches 
apparent  seat  stress,  psi 

elastic  constant  for  both  materials,  one/psi  as 
previously  defined 

peak  deformation,  inches 


Introducing  the  test  parameters  into  the  stress-vs-def lection  equation 
above  for  the  24-microinch  curve,  and  solving  (by  trial  and  error)  for 
stress  required  to  flatten  the  curvature  (6=24  microinches)  results  in 
an  indicated  stress  of  100  psi.  While  this  approach  is  very  approximate, 
the  order  of  magnitude  is  a  significant  factor  in  these  tests.  This  must 
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not  be  talcen  as  a  general  rule,  however,  because  of  the  general  independ¬ 
ence  of  gross  (substrata)  deformation  and  surface  def orimition.  For  example, 
a  very  narrow  seat  land  of  typical  corner  construction  could  have  veiy  high 
unit  surface  loads  (stresses)  for  a  relatively  small  seat  load.  Therefore, 
deformation  of  the  substrata  would  be  small,  and  gross  curvatures  could 
be  the  significant  parameter  of  the  overall  stress-leakage  characteristic. 


Model  B,  2.2  AA  Multidirectional  Lay,  440C  Poppet 
and  Seat,  Qut-of -Parallel  Tests 


The  poppet  of  previously  tested  Model  B  (surface  texture  evaluation)  was 
reworked  by  lapping  the  back  (loading)  face  out  of  parallel  relative  to 
its  sealing  surface.  As  measured  on  both  Proficorder  and  Cleveland  height 
comparator,  the  net  deviation  was  125  microinches  over  a  0.500-inch  seat¬ 
ing  diameter.  Poppet  and  seat  sealing  surfaces  were  unchanged  from  the 
originally  tested  condition. 

Electrical  contact  tests  for  the  out-of-paral lei  condition  indicated  an 
equivalent  parallel  plate  separation  (no-load)  of  99  microinches.  From 
inspection  data,  Model  B  net  out-of-parallel  PTV  gap  between  mean  rough¬ 
ness  lines  is  the  sum  of  the  measured  parallelism  deviation,  one-half  the 
average  poppet  and  seat  roughness  heights,  and  the  total  poppet  and  seat 
nodule  height,  or  about  138  microinches.  Applying  the  laminar  sinusoidal 
weighting  factor  (M|^  =  0.68)  the  computed  equivalent  parallel  plate  gap  is 
94  microinches  which  correlates  reasonably  with  electrical  contact  data. 

The  out-of-parallel  test  consisted  of  six  stress-lealcage  loops  represented 
by  test  5  in  Fig.  459"  The  first  increasing  load  loop  is  indicated  by 
circles  with  the  final  decreasing  load  loop  by  squares.  (Test  4  was  a 
claraped-condition  control  test  performed  prior  to  poppet  rework.)  As  the 
out-of-parallel  model  stress  was  increased  above  2000  psi,  the  seating 
structure  rapidly  deformed  until,  from  15,000  psi  on,  the  stress-leakage 
characteristic  was  nearly  identical  to  the  parallel  version.  It  will  be 
noted  that  the  deformation  characteristic  is  i)urely  elastic  and  very 
repeatable . 
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The  following  analysis  is  presented  to  show  where  the  various  deflections 
occur  which  ultimately  bring-  the  two  surfaces  into  a  parallel  and  rruiting 
condition.  The  data  recorded  for  the  throe  most  significant  seat  stresse 
are  tabulated  below  from  the  piston  pressiu’o  and  load  cells. 


Net  Piston 
Force , 
pounds 

Apparent 
Seat 
Stress , 
psi 

Load 

Cells, 

oounds 

TP  =  , 

pounds 

Error, 

percent 

TT 

F2 

^3 

224 

1,040 

79 

72 

60 

211 

6.2 

669 

11,430 

258 

187 

193 

638 

4.9 

2650 

58,200 

897 

830 

842 

2570 

3.1 

The  125-inicroinch  high  point  was  located  directly  under  cell  No.  1,  The 
variation  in  load  between  the  three  cells  is  not  very  large. 

From  the  dimensions  of  load  cells,  poppet,  and  seat,  an  estimate  of 
the  deformation  attributable  to  each  of  these  parts  may  be  made.  The 
remainder,  allowing  for  piston  cocking,  must  he  from  interfacial 
deformation. 


Load  Cell  Deformation 


FL 

EA 


1.0  F 


30  X  10  X  0.313" 


0,34  X  10  ^  F 


where 


E  =  elastic  modulus,  psi 
A  =  area,  sq  in, 

L  .  =  length,  inches 

F  =  individual  load  cell  force,  pounds 
e  =  deformation,  inches 
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Poppet  Deflection 


e 

P 


0.0173  X  10  F, 


T 


Seat  Deflection  (e  ) . 

s 


e 

s 


0.014  X  10"^  F., 


The  deflections  computed  from  the  above  expressions  are  summarized  below 
for  each  of  the  previously  noted  seat-stress  levels;  all  deflections  are 
in  niicroinches . 


Apparent 

Seat  Stress 

S  ,  psi 

ei 

Average 

62  and  e^ 

"P 

®s 

A  e 

1,040 

26.8 

22.4 

3.9 

3.1 

2.4 

11,430 

87.7 

64.6 

11.6 

9.4 

23.3 

58,200 

305.0 

284.0 

45.8 

37.1 

21.0 

In  the  table,  Ae  =  e  -(average  e  and  c  ).  The  differential  load  coll 

i  d.  J 

deformation  is  approximately  22  microinches  or  28  raicroinches  across  a 
1-inch  diameter,  which  reduces  to  14  microinches  across  the  l/2-inch  seat 
diameter.  The  righting  allowed  by  piston  clearance  is  approximately  20 
microinches  (initial  contract  static  tester).  Considering  the  relative 
stiffness  of  both  the  poppet  and  seat,  probably  very  little  differential 
deformation  occurred  within  these  parts.  The  difference  between  the  125- 
microinch  out-of-parallel  dimension  and  the  34-microinch  (20  plus  14  inches) 
differential  leaves  91  microinches  for  net  interfacial  deformation.  From 
these  figures,  it  is  concluded  that  the  deflection  indicated  by  the  large 
change  in  leakage  at  the  10,000-psi  level  is  a  result  primarily  of  inter¬ 
facial  deformation. 
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Model  Pj^ ,  1  AA.  41-Degree  Seating  Angle, 
Tilted  Cone  Axis 


As  discussed  in  the  conical  and  spherical  model  section,  Model  repre¬ 
sented  the  best  conical  geomety  fabricated.  Consequently,  it  was  the  most 
suitable  model  for  evaluation  of  angular  misalignment  effects. 

As  originally  conceived,  the  tilted  cone  was  to  have  been  used  to  evaluate 
out-of-roundness  effects.  However,  as  initial  tests  and  subsequent  cor¬ 
relative  analyses  indicated,  the  major  c,ause  of  seat  gap  was  the  poppet 
dislocation  out  of  the  seat  caused  by  land  width.  PYirthermore ,  a.s  was 
shown  in  the  Seating  Analysis  section  (Fig.  14)  the  contribution  of  poppet 
ellipticity  to  the  effective  gap  is  negligible,  except  for  unreasonably 
large  tilt  angles  and  narrow  land  widths. 

Figure  69  (model  fabrication  section)  illustrates  the  method  of  achieving 
the  tilted  cone  axis  condition.  The  tilting  spacer  (Fig.  67)  was  first 
wrung  to  the  poppet.  As  with  non-tilted  tests,  the  poppet-spacer  assembly 
then  was  set  on  the  tester  piston  loading  feet  on  drops  of  E.P.  oil  to 
permit  radial  self-alignment.  Electrical  contact  tests  were  performed  in 
the  usual  manner. 

The  initial  test  of  Model  E^  used  the  0.313-degree,  -8  spacer.  As  shov/n 
by  Fig.  460  a  hundredfold  increase  in  low-stress  leakage  occurred.  Extra¬ 
polating  the  test  curves,  it  is  estimated  that  10,000-psi  apparent  stress 
would  be  required  for  the  tilted  condition  leakage  to  match  the  coincident 
axes  results.  The  reason  for  this  is  discussed  in  the  following  iiaragraphs. 

For  coincident  test  1,  electrical  contact  tests  indicated  an  equivalent 
gap  (h  )  of  about  17  microinches  (based  on  total  land  width) ,  which  agreed 
reasonably  well  with  assessed  geometry.  Considering  the  effective  land 
width  reduced  by  the  edge  duboff  shown  in  Fig.  228  (~  30  microinches  over 
0.00253  inch)  to  0.0244  inch,  the  above  value  for  (h  )  is  reduced  to  16 
micro inches. 
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Seat  Stress,  psi 


_2 


Figiu*e  460. 


Nitrogen  Lealcage,  scim 

Stress-Leakage  Data  for  Test  Model  ,  Tests  2  and  3 
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Because  of  the  dubbed  condition,  a  like  allowance  for  reduced  land  width 
must  be  made  for  consideration  of  the  electrical  contact  results  obtained 
with  the  preceding  tilted  cone.  For  analysis  of  the  effective  length  and 
reduction  in  gap  due  to  duboff,  the  following  geometry  is  assumed  for  both 
seat  edges  contacted  by  the  tilted  cone. 


The  effective  flat  land  width  is 
Lf  =  L  -  2y 

where 

y  =  r  (l  -  1^)  ,  (Y  in  radians) 
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For  Model  where  r  ~  0.00253  inch  and  z  =  ^0  micro inches ,  is  0.0257 
inch. 

From  the  Seating  ilnalysis  section,  the  taper  gap  in  the  plane  of  tilt  at 
the  contact  points  is  LY;  however  this  is  reduced,  as  shown  in  the  above 
sketch,  by  (2a);  thus  the  taper  gap  is 

h  =  Y  -  2a 


where 

r^Y^  , 

a  S' "I -  !  (Y  in  radians) 

4z 

For  Y  =  0.313  degrees  h  s'  140.8  —  1.92  s'  139  microinches. 

Since  the  flow  must  split  and  recombine,  the  path  is  partially  circumfer¬ 
ential.  The  effective  length  is  given  by 


L  ^ 

e 


+  0.132 


6.6 


10  + 


292  X  10' 


L  S'  0.1732  in. 
e 


Based  upon  the  sinusoidal  gap  shape  and  including  13  microinches  out-of- 
roundness,  the  equivalent  gap  is 

h^  =  0.68  (139  +  13)  =  103.2  microinches 

For  comparison  with  electrical-contact  laminar-flow  leakage  data,  the  above 
equivalent  gap  for  =  0.1732  inch  is  ratioed  to  the  standard  0.03-inch 
land  as  follows: 


h  (for  L  =  0.03)  =  103.2 

e 


57.6  microinches 
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From  electrical  contact  tests  at  =  30  psig,  the  equivalent  parallel 
plate  height  was  56  microinches.  The  agreement  between  test  and  analysis 
is  perhaps  better  than  the  analytical  asstunptions  warrant.  However,  the 
important  factor  is  that  the  dimensions  measured  and  obtained  from  test 
do  correlate  sufficiently  well  to  allow  their  use  in  defining  design  re¬ 
quirements.  Also,  it  is  apparent  that  the  comparatively  large  gap  caused 
by  the  0.313-degree  tilt  (l39  microinches)  represents  a  considerable  vol¬ 
ume  of  material  to  be  displaced  in  achieving  closure  and,  therefore,  ex¬ 
plains  the  10,000-psi  stress  required  for  the  tilt  condition  leakage  to 
match  coincident  test  results. 

Because  of  the  relatively  large  change  in  leakage  produced  by  the  0.313- 
degree  tilt  plate  no  further  tests  were  performed  with  larger  angles.  To 
examine  the  effects  of  a  smaller  angle,  the  three  available  spacers  were 
combined  for  a  0.215-degree  tilt  angle.  As  shown  by  Fig.  460  (test  3), 
this  stress-lefdcage  curve  lies  almost  in  the  center  of  tests  1  and  2. 
Correlation  of  measured  tilt  gap  and  electrical  contact  tests  did  not 
agree  as  well  as  before.  The  computed  gap  (6^)  based  on  the  standard 
0.03-inch  land  is  42  microinches.  Electrical  contact  test  results,  on 
the  other  hand,  indicated  (k^)  to  be  29  microinches. 

Although  not  indicated  by  interference  inspection,  it  is  probable  that 
plastic  deformation  at  the  initial  contact  points  was  responsible  for  the 
change.  (it  should  be  noted  that  interference  inspection  of  circumferen¬ 
tial  waves  is  not  practical  with  conical  surfaces  due  to  band  orientation. 
For  an  accurate  estimate  of  plastic  flow,  before  and  after  test  profile 
records  would  be  necessary.)  Some  evidence  of  surface  degradation  was 
indicated  by  a  final  coincident  axis  stress-leakage  test  (Fig.  46l) . 


Model  ,  1  AA  41-Degree  Seating  Angle,  0.005— Inch 
Land  Width,  Tilted  Cone  Axis 


This  model  combined  the  nominal  0.005— inch  land  seat  (d^)  with  the 
improved  poppet  from  F^.  From  interference  photos  of  the  seat  taken 


603 


Seat  Stress,  psi 


Figiire  46l. 


Stress— Lealcage  Data  for  Test  Model  ,  Test  4 


I 


1 


I 


relative  to  the  poppet, the  center  three-fourths  of  the  seat  tapers  about 
8  microinches .  As  previously  indicated  the  seat  also  had  17  raicroinches 
out-of-roundness.  The  poppet  had  6  microinches  PTV  waviness. 

Figure  462  presents  the  stress-leakage  test  data  for  coincident  axes  as 

well  as  with  the  poppet  tilted  0.313  degree.  Electrical  contact  tests 

before  tilt  indicated  a  gap  (h^)  of  27  microinches  which  agreed  reasonably 

with  assessed  errors.  After  tilt  li  remained  at  about  27  microinches  in- 

e 

dicating  the  submergence  of  tilt  effects  by  the  above  noted  errors.  As 
shown  by  Fig.  462,  how'ever ,  stress-lealtage  results  reflected  the  increased 
gap.  At  1000-psi  increasing  stress,  the  difference  in  equivalent  gaps 
(h^)  based  on  the  average  0.0046-inch  land  is  about  6  microinches. 

Although  the  test  results  could  not  he  correlated  with  analyses  due  to  the 
combination  of  errors,  they  do  show  the  decreased  effect  of  tilt  angle 
with  reduced  land  width. 


Model  L,  1.3  AA  Multidirectional  Lay  440C  Poppet  and  0.6  AA 
Unidirectional  Lay  440C  Seat,  Contamination  Tests 

A  series  of  tests  were  performed  to  define  empirically  the  characteristics 
of  hard  and  soft  particle  envelopment.  The  test  vehicle,  Model  L,  was 
comprised  of  the  poppet  of  Model  B  and  a  1.000-inch  OD,  0.060-inch  land 
width  seat  similar  to  that  used  for  near  seated  tests  (Model  A) ,  but  with¬ 
out  pressure  taps.  (The  0.060-inch  land  width  permitted  particle  place¬ 
ment  with  less  difficulty  than  a  0.500-inch  OD,  0.030-inch  land  seat  would 
have  presented.)  As  previously  described,  the  poppet  had  a  surface  rough¬ 
ness  height  of  4.5  microinches  PTV  and  a  4.2-percent  density  of  3-1— 
microinch  high  nodules.  The  seat  (illustrated  by  the  post  lead  particle 
test  photograph  of  Fig.  290)  was  diamond  lapped  with  1.9-microinch  PTV 
roughness.  Thus,  the  net  PTV  rouglmess  was  small  enough  with  respect  to 
the  contaminant  particles  tested  to  have  no  effect  on  final  test  results. 


605 


As  the  particles  had  to  he  measured  to  determine  size  and  volume,  a  rea¬ 
sonable  geometrical  shape  was  desired,  preferably  spherical,  hliile  the 
diamond  specimens  were  not  spherical,  they  were  shaped  so  as  to  permit 
fairly  accurate  dimensional  checks.  The  lead,  however,  posed  a  more  dif¬ 
ficult  problem  as  it  was  only  available  in  foil  and  granule  form.  The 
granules  were  highly  irregular  in  shape  and  considerably  larger  than  0.020 
inch.  Because  of  the  expected  large  increase  in  diameter  due  to  flatten¬ 
ing  and  a  maximum  available  seat  land  width  of  0.060  inch,  the  lead  particle 
size  desired  was  on  the  order  of  0.004  inch.  The  problem  was  solved  by 
forming  lead  spheres. 

A  chemically  pure  (99«95+  percent)  lead  foil,  approximately  0.004  inch 
thick,  was  obtained  from  which  particles  i/ere  shredded  with  a  clean  (under 
microscopic  examination)  file  and  roughly  graded  in  size.  The  particles 
were  placed  on  a  stainless-steel  plate  which  had  been  rendered  additionally 
non-wetting  (for  lead)  by  a  heat-cured  silicone  fluid  treatment.  The 
plate  was  then  covered  by  a  pyrex  funnel  through  which  a  continuous  nitro¬ 
gen  purge  was  established  to  prevent  oxidation.  The  particles  were  micro¬ 
scopically  observed  through  the  pyrex  envelope  while  a  torch  heated  the 
underside  of  the  plate.  As  soon  as  the  particles  melted  and  formed  into 
spherical  shapes,  the  torch  was  removed  and  the  plate  rapidly  cooled  by 
a  high-flow  nitrogen  purge.  The  resultant  "near  spheres"  i/ere  then  micro¬ 
scopically  selected. 

A  probe  was  honed  and  lapped  to  a  tip  diameter  less  than  0.001  inch.  Under 
40-power  magnification,  the  particles  were  readily  seen  and  picked  up  with 
the  probe.  (Under  bright  light,  a  particle  on  the  probe  tip  was  easily 
distinguished  with  the  naked  eye.)  The  most  difficult  part  of  the  proce¬ 
dure  was  removal  of  the  specimen  as  static  charges  and  slight  plastic  de¬ 
formation  tended  to  make  the  particles  cling  to  the  probe.  Figure  291 
illustrates  the  probe  with  a  lead  particle  attached.  This  method  of  hand¬ 
ling,  while  relatively  simple,  did  have  practical  limits  and,  to  ensure 
positive  control,  the  contaminants  used  were  selected  at  approximately 
0.004  inch  diameter.  Final  grading  and  dimensional  checks  of  the  contam¬ 
inants  were  performed  just  prior  to  testing, at  100-power  magnification. 
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The  first  tests  performed  were  of  a  control  nature  to  establish  non- 
contaminated  sealing  capabilities.  The  stress-leakage  characteristic  was 
determined  at  300-psig  supply  pressure  up  to  an  apparent  seat  stress  of 
9000  psi.  Several  stress  cycles  were  run  to  prove  repeatability.  (The 
control  characteristic,  test  1,  is  shoim  in  a  subsequent  discussed  figure.) 

Once  the  non-contaminated  sealing  characteristic  had  been  obtained,  the 
lead  particles  were  selected  and  measured.  The  particle  size,  configura¬ 
tion,  volume,  and  placement  on  the  seat  are  indicated  below: 


Average 

Diameter, 


Particle 

Conf isuration 

inch 

Volume,  cu  in. 

1 

Near-Sphere 

0.00386 

29.8  X  10"^ 

2 

Near -Sphere 

0.0043 

40.2  X  10”^ 

3 

Sphere 

0.00457 

49.9  X  10“^ 

4 

Near -Sphere 

0.00416 

34.9  X  10“^ 

154.8  X  10“^ 

After  particle  placement  and  at  30-psig  inlet  pressure,  the  poppet  was 
pressure-loaded  to  incrementally  increase  apparent  seat  stress  to  1000  psi 
and  then  reduced  to  a  low-stress  level.  The  resultant  stress-leakage 
curve,  test  2,  is  shown  in  Fig.  463.  (a  second  stress  cycle  repeated 
on  the  lower,  or  return  portion  of  the  initial  cycle.)  Also  plotted  on 
this  and  succeeding  figures  is  the  equivalent  laminar-flow  parallel  gap 
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Seat  Stress 


Equivalent  Laminar  Flov  Parallel 
Plate  Gap,  h  ,  microinches 


Test  2  was  continued  at  300-psig  supply  pressure  as  shown  in  Fig.  464 
(surfaces  not  separated).  After  seven  stress  cycles  to  12,000  psi,  the 
characteristic  curve  essentially  followed  the  lower  or  return  portion  of 
the  initial  cycle.  Also  included  in  Fig.  464  is  the  original,  non- 
contaminated  stress-lealcage  curve  for  the  test  poppet  andseat  (test  l) 
which  indicates  potential  particle  envelopment  at  about  13,000  psi. 

After  completion  of  the  noted  tests,  the  poppet  and  seat  were  removed  from 
the  tester  and  microscopically  examined.  Three  of  the  lead  particles  sep¬ 
arated  along  with  the  poppet  and  seat  at  disassembly,  but  particle  3  stuck 
to  the  poppet  in  its  entirety  (Fig.  292).  The  flattened  contaminant  dimen¬ 
sions  were  determined  as  sho,wn  below  (scale  exaggerated  for  clarity): 


0.0165  Dia 


0.0222  Dia 


0.000020 


1  i 

!  0.000180 


It  is  interesting  to  note  that,  although  the  Tuiloaded  particle  height  is 
0.00018  inch,  the  seat  had  only  approximately  3  micro  inches  plastic  set 
over  about  a  0. 016-inch  diameter  (Fig.  290)  and  the  poppet  virtually  none, 
indicating  the  elastic  envelopment  of  the  particle  by  poppet  and  seat. 


After  inspection  the  lead  was  removed.  Approximately  90  percent  could  be 
wiped  off  with  "Kimwipe"-type  toweling;  the  balance  was  removed  with  a 
common  pencil  eraser.  The  300-psig,  no-contaminant  stess-leakage  test 
was  then  rerim  indicating  slightly  lower  leakage  than  noted  prior  to  the 
lead  contamination  test.  (For  comparison,  these  data  are  plotted  as  the 
test  3  curve  on  Fig.  466,  which  presents  diamond  particle  test  data,  sub¬ 
sequently  discussed.) 
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10  10' 
Nitrogen  Leolcage  ,  acim 


Figure  464.  Stress-Lealcage  Data  for  Test  Model  L  (Lead  Contaminants),  Tests  2  (continued)  and  1 


The  di.'jjtnond  particles  were  then  selected  (Fig.  293  illustrates  particle  2). 
Applicable  dimensions  and  seat  placement  are  shown  in  the  sketch  below'. 


Particle 


Approximate 

Configuration 

Trapezoid  Vith 
Uniform  Thickness 

Cone 

Triangle  With 
Uniform  Thickness 


Diameter , 
inch 

0.00392 

0.00383 

0.00471 


Particle  3 


Volume,  cu  in. 
31.6  X  10“^ 
.-9 


29.4  X  10 

33.0  X  10 
116.0  X  10' 


-9 


As  with  the  lead  particles,  a  30-psig  load-deflection  characteristic 
(test  4)  was  first  obtained  as  shown  in  Fig.  465.  The  second  stress  cycle 
repeated  the  lower  or  return  portion  of  the  initial  curare.  Next,  stress- 
lealcage  data  at  300-psig  supply  pressure  was  obtained  (Fig.  466,  test  4 
continued).  The  seat  was  then  cycled  to  10,000  psi  five  times;  the  last 
stress  cycle  followed  the  return  portion  of  the  initial  cuj've  so  closely 
that  it  is  not  plotted. 

The  poppet  and  seat  were  removed  from  the  tester  and  microscopically 
examined.  Particle  1  had  shattered  over  a  large  area,  but  particles  2 
and  3  survived  intact.  Figures  294  and  295  show  particle  2  embedded  in 
the  seat  and  the  ma.ting  poppet  deformation,  respectively.  The  upw'ard- 
shifting  interference  bands  on  these  photos  indicate  a  raised  portion  on 
the  surface.  Thus,  a  considerable  upset  of  plastically  flowed  material 
above  the  sui-fa.ce  is  noted.  As  all  of  the  particles  were  embedded  in  the 
seat,  it  w'as  apparent  that  the  poppet  was  the  slightly  harder  of  the  two 
parts , 
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Seat  Stress,  psi 


Equivalent  Lamina, r  Flow  Parallel 
Plate  Gap,  li  ,  micro  inches 


Equivalent  Laminar  Plow  Parallel 
Plate  Gap,  h  ,  microinchcs 


It  had  been  assumed  that  local  elastic  deformation  of  the  440C  poppet  and 
seat  would  compensate  for  the  plastically  displaced  material.  The  photo¬ 
graphs  (Fig.  294  and  295)  indicate  this  was  not  true ,  and  a  contact  of 
upset  material  actually  occurred  as  pictured  below. 


The  abrupt  knee  of  the  test  4  stress-leakage  curve  at  approximately  1000- 
psi  stress  (Fig.  466)  is  believed  to  be  the  initiation  of  this  contact. 

From  this  point  on,  the  additional  rate  of  the  severly  cold-worked  metal 
ridges  must  be  overcome.  IVhile  perhaps  60  to  80  microinches  upset  height 
can  be  observed  (Fig.  294  and  295) >  the  major  bearing  area  is  only  2  or  3 
bands  high.  This  compares  favorably  with  the  equivalent  parallel  plate 
height  of  approximately  25  microinches  at  the  knee  of  the  stress-leakage 
curve. 

Extrapolation  of  test  5  and  test  4  curves  (Fig.  466)  indicates  the  diamond 
particle  envelopment  stress  would  have  been  reached  at  about  15)000  psi 
or  the  same  as  for  the  lead  contaminants.  Considering  the  similar  volumes, 
it  would  appear  that  a  simple  empirical  particle  diameter  and  volumetric 
relationship  involving  seating  material  parameters  might  exist  for  deter¬ 
mining  particle  envelopment  loads.  However,  these  tests  have  served  mainly 
to  show  the  stress-leakage  envelopment  characteristics  for  the  extremes 
of  particle  hardness. 


OBSEHVATIONS 

The  seating— error  test  series  basically  demonstrates  various  load-conformance 
characteristics  at  an  exaggerated  level.  The  data  obtained  are  limited  and 
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insufficient  for  parameterization.  However,  they  do  provide  a  frame  of 
reference  for  comparison  with  similar  errors  encountered  in  the  test  pro¬ 
gram  and  those  likely  in  the  construction  and  development  of  actual  valves. 

The  scratch  test  was  particularly  significant  in  illustrating  the  poor 
compliance  associated  with  subsurface  voids.  This  characteristic  was 
evident  on  all  unidirectional  models  tested  and  emphasizes  the  advantage 
of  the  circular  lay  surface.  Furthermore,  the  scratch  influence  is  rela¬ 
tively  constant  over  the  entire  stress  range  tested,  and  thus  may  he  con¬ 
sidered  directly  additive  to  total  gap  leakage  regardless  of  load. 

The  remaining  forms  of  seating  error  investigated,  however,  result  in  more 
drastic  effects  than  the  scratched  surface,  particularly  at  low-load  levels. 
Unfortunately,  the  majority  of  small  control  or  pilot  valves  are  operated 
in  this  load  region  from  1  to  perhaps  50  pounds  of  force.  Even  in  their 
extreme,  the  reported  tests,  therefore,  indicate  that  geometry  and  contam¬ 
ination  control  is  vital  to  successful  performance.  This  control  must  he 
exercised  not  only  in  fabrication  detail,  hut  more  fundamentally  in  the 
design  of  the  closure  mechanism  itself  for  the  misaligned  conical  axis  or 
cocked-poppet  condition  can  obviate  any  improvements  in  surface  roughness 
when  available  loads  are  limited.  Moreover,  these  conditions  result  in 
contact  stress  concentration  at  the  high  points  thus  increasing  the  prob¬ 
ability  of  cyclic  damage. 
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CYCLE  TEST 


The  Sm'face  Studies  section  introduced  the  more  conjectui'al  aspects  of 
cycling  as  viewed  from  considerations  of  metal  plastic  flow  and  wear. 
However,  this  study  allowed  few  conclusions  as  to  the  effects  of  impact 
loading  on  surface  structure.  With  the  hroad  spectrum  of  static  seating 
characteristics  previously  defined,  the  pm'pose  of  the  cycle  test  effort 
was  to  investigate  the  cyclic  impact  effects  on  selected  models  with  an 
aim  toward  defining  and  correcting  modes  of  surface  degradation. 

With  this  objective,  it  was  absolutely  necessary  that  all  cyclic  variables 
he  rigidly  controlled  and  repeatable.  The  cycle  tester  provided  this  con¬ 
trol  through  precise  orientation  of  model  surfaces  and  impact  velocity. 
Thus,  impact  cycles  were  delivered  axially  to  each  model  in  the  same  man¬ 
ner  without  tangential  motion,  so  that  the  only  test  variables  were  the 
impact  velocity,  number  of  cycles,  and  specific  model  properties.  Also, 
with  poppet  and  seat  locked  in  position,  and  the  gas-bearing  centered 
piston  restrained  from  rotation  by  the  flexure,  a,  repeat  contact  between 
poppet  and  seat  was  ensured  within  less  than  10  micro  inches.  Tester  con¬ 
trols,  dynamic  analyses,  and  surface  studies  notwithstanding,  the  unknown 
elements  inherent  in  cycle  testing  precluded  anything  hut  a  cut-and-try 
approach. 

A  synopsis  of  pertinent  parameters  and  results  obtained  in  cycle  testing 
is  presented  in  Table  8.  The  models  are  listed  in  nearly  chronological 
order  tested,  and  thus  reflect  test  developments  and  configuration  im¬ 
provements.  Variations  in  peak  impact  stress  and  apparent  static  stress 
(established  from  steady-state  control  pressure)  resulted  from  differences 
in  seat  land  area,  established  impact  velocity,  and  also  by  some  revision 
in  test  approach  as  the  program  progressed.  (it  is  recognized  now  that, 
for  consistency,  the  peak  impact  stress  should  have  been  held  constant 
for  the  two  basic  impact  levels  indicated  in  Table  8;  i.e.,  impact  stress 
levels,  26,500  to  30,700  and  96,000  to  91,300  psi.  As  will  he  seen,  how¬ 
ever,  these  variations  had  little  affect  on  the  results  which  were  of  a 
much  more  general  nature.) 
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TABLE  8 


CYCLE  TEST  MODELS  AM)  PAHAMETERS 


cr> 

t— ' 

GC 


Teat  Model,  lapped 

440C  UnleaB 

Otherwise  Noted 

Peak 
Ihnpact 
Stress , 
psi 

Peak 

Lnpact 

Loeul, 

pounds 

Static 

Stress, 

psi 

Ijnpact 
Velocity, 
in. /sec 

Control 
Supply 
Pressure , 
psig 

Impacts 

per 

Cyc  le 

Total 

Ijnpacts 

per 

Test 

Leakage  at 

2000  psi  Seat 
Stress,  scim 

~  h 

Basic 

Cycles 

Before 

Test 

After 

Test 

Change , 
Microinches 

Dj,  2  AA  Ground  Unidirectional  Lay 

26,500 

1150 

6190 

7.60 

169 

10** 

2 

L 

2  X  10^ 

3.7 

2.8 

0.97 

Gjj^,  0.7  AA  Unidirectional  Lay 

50,700 

~  1150 

7220 

7.60 

169 

10^ 

2 

it 

2  X  10 

0.017 

0.0062 

0.42 

Bjj^,  0.6  AA  Circular  lay 

28,200 

- 1150 

6610 

7.60 

169 

lo'* 

2 

4 

2  X  10 

4.4  X  10~^ 

3.9  X  10~^ 

0.014 

B  ,  1  AA  Circular  Lay 
c 

27,000 

650 

9880 

5.60 

150 

lo'* 

2 

4 

2  X  10 

0.64 

0.96 

0.80 

Gjj,  Ketest 

2,3'‘0 

87.5 

2540 

-  0.7 

54. 

10^ 

1 

10^ 

0.015 

0.015 

~  0 

Gjj^,  Retest 

159,000 

5960 

7220 

35.6 

169 

10^ 

6 

6  X  10^ 

0.015 

0.18 

1.9 

Xj,  0.8  AA  Unidirectional  Lay 

26,600 

1170 

0 

~  7.7 

25. 

10^ 

1 

10*^ 

0.012 

0.0027 

0.50 

Yj,  0.8  AA  Unidirectional  lay 

91,700 

4100 

6040 

~  24. 

169 

lo'* 

5 

5  X  10^ 

0.019 

0.015 

0.  11 

D^,  Retest 

91.800 

4000 

6190 

~  24. 

169 

lo'* 

6 

6  X  10^ 

4.1 

2.3 

i.e 

AA^,  0.3  AA  Circular  Lay, 

TungB+en  Carbide  Poppet,  Crcvix  Seat 

n/C  firvn 

j/U  , 

1.  1  Aft 
*t  XUU 

632G 

_ 

169 

lo'' 

6 

6  X  10^‘ 

0.015 

0.0054 

0.33 

P^,  0.6  AA  Tfeidirectional  lay 

Identical  Lands 

106,000 

4050 

7090 

24. 

169 

lo'* 

5 

4 

5  X  10^ 

0.028 

0.025 

0.11 

Z^,  0.5  AA  Circular  Lay 

Identical  Crown  Lands 

30,400 

1380 

0 

~  9. 1 

25. 

106 

1 

106 

5.7  X  10~^ 

4.6  X  10~^ 

0.027 

A  ,  0.5  AA  Circular  Lay 
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Peak  impact  stress  was  determined  by  dividing  the  peak  impact  load  (meas¬ 
ured  b^/  the  piezoelectric  load  cell)  by  the  apparent  projected  land  area. 
Static  stress  was  the  steady-state  stress  level  obtained  after  impulse 
stabilization  and  was  controlled  by  the  piston  supply  pressure  (PS). 

Before  and  after  cycle  test  leakage  at  2000  psi,  apparent  (increasing) 
stress  is  given  in  Table  8  for  comparison  purposes.  These  values  are  ob¬ 
tained  from  the  stress-leakage  curves  in  which  the  model  was  not  reoriented. 
The  last  column  indicates  the  relative  surface  geometry  change  reflected 
by  the  accompanying  leakages. 

The  impact  level  established  for  initial  cycle  tests  was  based  upon  eval¬ 
uation  of  the  flat  440C  model  used  in  calibration  testing.  Even  though 
this  model  showed  little  leakage  change  throughout  the  calibration  test¬ 
ing,  a  cautious  approach  was  required  with  the  more  expensive  inspected 
and  static-tested  models.  Hence,  initial  10,000-cycle  tests  were  performed 
on  representative  rough  and  smooth  models  of  flat  (D^,  ®fl^  con¬ 

ical  (b^)  configurations  at  the  lower  stress  levels  noted  in  Table  8. 
Although  having  no  measurable  effect  on  flat  models,  some  degradation  in 
the  surface  texture  and  stress-leakage  performance  occurred  with  the  con¬ 
ical  model  (B  ). 

Following  these  initial  tests,  the  effects  of  impact  load  level  and  total 
number  of  cycles  were  evaluated.  As  a  control  surface,  the  nominal  0.7 
microinch  AA  roughness  obtained  from  unidirectional  diamond  lapping  was 
used.  High  and  low  impact  levels  were  examined  with  Model  Low  im¬ 

pacts  at  2340-psi  peak  stress  produced  no  change;  however,  10,000  cycles 
at  159,000-psi  peak  stress  caused  considerable  degradation  in  surface 
structure  with  increased  leakage.  The  concluding  test  consisted  of  per¬ 
forming  1,000,000  high-frequency  cycles  with  Model  at  the  lower  stress 
level.  This  test  also  resulted  in  surface  texture  change,  although  not 
to  the  extent  of  Model 

With  the  preceding  preliminary  tests  bracketing  the  results  to  be  expected, 
performance  comparison  tests  were  performed  on  the  remaining  test  models. 
Model  Yj  was  cycled  at  the  intermediate  level  of  91,700  psi.  Producing 
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only  moderate  surface  degradation,  this  impact  level  was  employed  then  for 
evaluation  of  (l)  impact  on  the  rougher  surface  of  Model  ,  tungsten 
carbide  poppet  on  crowned  seat  (AA^) ,  and  (2)  the  benefits  to  be  obtained 
through  identical  land  geometry  (P^).  In  comparison  with  Model  and  , 
1,000,000  high-frequency  cycles  were  performed  with  Model  to  evaluate 
the  identical  crowned  land  geometry.  Concluding  the  cycle  test  effort, 
spherical  Model  A^  and  gold-plated  Model  were  tested  at  the  lower  im¬ 
pact  level. 

Except  for  Models  G., ,  B  ,  AA„  and  A  ,  stress-leakage  characteristics  were 

f  1  c  f  s 

improved  by  cyclic  impacts.  In  cases  where  obvious  surface  degradation 
had  occurred,  decreased  leakage  was  attributed  to  interraeshing  of  opposing 
surface  textures  and/or  the  submergence  of  degradation  effects  by  undam¬ 
aged  land  area.  This  was  shown  by  subsequent  reorientation  model  tests 
in  the  static  tester  with  ball  joint  loading  which  resulted  in  increased 
leakage . 

Unless  otherwise  noted,  all  cycle  test  stress-leakage  curves  are  from  tests 
performed  in  the  cycle  test  fixture  and,  hence,  obtained  for  a.  clamped 
loading  condition. 


PRELIMINARY  TESTS 


These  tests  explored  the  effect  of  a  given  impact  stress  on  surface  tex¬ 
ture  for  flat  and  conical  models.  To  bracket  basic  cyclic  effects,  the 
level  of  impact  loading  and  number  of  cycles  were  evaluated  also.  Since 
the  data  is  given  by  model  designation.  Model  D^,  reported  first  in  this 
section,  contains  the  results  of  both  preliminary  and  later  performance 
comparison  tests. 


Model  Dj ,  2.7  AA  Undirectional  Ground  440C 

.  » 

Poppet  and  Seat 

Model  Dj  provided  an  ideal  test  specimen  for  the  initial  cycle  test  because  ** 

leakage  could  be  measured  entirely  on  the  flovmeter,  facilitating  repeat 
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measurements  as  required.  Electrical  contact  tests  indicated  an  equiva¬ 
lent  parallel  plate  separation  of  36  microinches  which  correlated  well 
with  assessed  roughness  and  waviness  previously  presented. 

This  initial  exploratory  10,000-cycle  test  was  performed  at  loading  con¬ 
ditions  shown  in  Table  8.  Typical  impact  load  displays  per  cycle  are 
illustrated  hy  Fig.  467  and  468. 

Figure  469  presents  the  stress-leakage  data  before  and  after  10,000  cycles 
with  an  overlay  from  the  static  test  program  wherein  the  ball  joint  load¬ 
ing  method  was  used  (intermediate  tests  5  and  6  fell  between  these  tv/o 
curves).  As  shown,  the  out-of-parallel  condition  is  evident  at  the  lower 
stresses.  However,  this  is  to  a  lesser  degree  because  the  roughness  dimen¬ 
sion  is  greater  than  the  out-of-parallel  condition.  Spot  leakage  tests 
indicated  a  progressive  decrease  in  leakage,  eventually  reaching  the  level 
indicated  by  the  lower  stress-leakage  test. 

Post  cycle  test  examination  of  the  poppet  and  seat  revealed  no  evidence 
of  surface  texture  change.  Numerous  OD  and  ID  fractures  were  noted  (Fig. 
123))  particularly  in  the  area  calculated  to  be  the  initial  out-of-parallel 
contact  point.  Although  the  fracture  shown  in  Fig,  123  is  only  about 
0.00065  to  0.0009  inch  wide  by  0.0003  inch  deep,  it  is  indicative  of  a.n 
undesirable,  and  potentially  dangerous  condition  correctable  by  adequate 
edge  radii.  Moreover,  edge  conditions  such  as  this  influence  the  low- 
stress  region  and,  thus,  could  cause  increased  leakage  in  narrow  land 
valves . 

After  evaluation  of  Models  »  ®fl’  ®c  ’  ^f  inter¬ 

mediate  level  impact  test  was  established  and  Model  was,  therefore, 
recycle-tested  to  determine  the  increased  loading  effect  on  a  rough  sur¬ 
face,  Figures  470  and  471  display  typical  impact  traces  for  peak  load  of 
approximately  4000  pounds. 

Before  and  after  cycle-test  stress-leakage  data  is  shown  in  Fig.  472.  As 
before,  intermediate  spot  tests  indicated  a  continuous  decrease  in  leak¬ 
age  with  cycles. 
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Figure  467*  Test  Model  D^,  Piezo¬ 
electric  Load  Cell,  7*60  in. /sec 
Impact  Velocity,  PS  =  l69  psig 
(149  Ib/div. ;  0.0002  sec/div.) 


Figure  468.  Test  Model  Dp,  Piezo¬ 
electric  Load  Cell,  7*60  in. /sec 
Impact  Velocity,  PS  =  l69  psig 
(149  Ib/div. ;  0„00002  sec/div.) 
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Nitrogen  Leakage,  scim 

Figure  469.  Stress -Leakage  Data  for  Cycle  Test  Model  D„,  Tests  4  and  7 


Figure  471-  Test  Model  D^,  Pie 
electric  Load  Cell,  24  in. /sec 
Impact  Velocity,  PS  =  l69  psig 
(500  Ib/div. ;  0.00002  sec/div.) 
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Figure  472.  Stress  Lea.kage  Data,  for  Cycle  Test  Model  ,  Tests  8  and  9 


Posttest  inspection  revealed  a  fretting  condition  as  with  Model  (dis¬ 

cussed  next);  however,  as  shown  by  Fig.  124,  125,  and  126,  damage  was 
limited  to  the  asperity  peaks.  Moreover,  damage  was  relatively  slight  as 
shown  by  the  wiped  poppet.  Fig.  126  (seat  appeared  the  same  after  ^iMping). 
Minimal  damage  is  additionally  reflected  by  the  stress-leakage  results  at 
2000-psi  stress  where  the  indicated  change  for  (h^)  is  only  0.97  microinches. 

Model  G„, ,  0.6  AA  Unidirectional  Lay  440C 
_ fJJ _ _ _ 

Poppet  and  Seat 

Continuing  the  exploratory  testing  to  determine  potential  cyclic  effects 
on  surface  texture.  Model  provided  the  fine-finish  standard  with  which 

other  models  would  eventually  be  comjjared. 

Electrical  contact  tests  indicated  a.  l7-microinch  equivalent  separation 
which  was  commensurate  with  physical  dimensions.  Cycle  testing  through 
10,000  cycles  was  performed  as  with  Model  D^.  Since  impact  velocity  set¬ 
tings  were  not  changed,  impact  loading  remained  approximately  the  stime. 

Spot  leakage  tests  showed  a  continual  decrease  in  leakage  with  about  one- 
half  of  the  change  indicated  in  Table  8  occurring  in  the  first  1000  cycles. 

Comparison  of  bef ore-and-after  cycling,  stress-lealcage  results  is  shown 
in  Fig.  473*  The  clamped  condition  before  cycling  curve  (circles)  indi¬ 
cates  a  definite  out-of-parallel  condition  as  reflected  by  the  overlay 
data  obtained  in  the  static  tester  with  ball  joint.  Out-of-parallelism 
is  pronounced  because  of  the  relative  model  surface  smoothness. 

The  effects  of  cycle  testing  are  more  evident  at  the  lower  stresses  where 
impact  loads  were  concentrated  on  the  initially  contacted  edge.  At  500 
psi,  the  lealcage  decrease  is  about  10  to  1,  indicating  a,  dimensional  de¬ 
crease  from  (h  )  of  5-9  microinches  to  2.6  microinches.  At  higher  stresses, 
however,  not  only  is  the  leakage  decrease  less,  but  the  size  of  the  dimen¬ 
sional  change  is  much  smaller.  At  2000  psi,  (h^)before  cycle  test  is 

about  1.45  microinches;  after  test  (h  )  is  reduced  to  about  1.03  microinches. 

e 
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Figure  473*  Stress-Leakage  Data  for  Cycle  Test  Model  0^^^,  Tests  2  Through  6 


In  view  of  these  small  dimensional  changes,  it  is  not  surprising  that 
microscopic  examination  revealed  no  change  in  microstructure.  It  is 
apparent  that  the  few  higher  asperities  between  poppet  and  seat  had  been 
plastically  depressed.  This  contention  is  supported  by  the  return  to  the 
original-condition  leakage  curve  after  reorientation  in  preparation  for 
the  next  test. 

In  search  for  an  answer  to  possible  modes  of  impact  degradation,  it  v/as 
hj-pjothesized  that  the  high  impact  loads  were  rchealing  an  otherwise  (micro) 
ruptured  surface  with  each  impact.  Since  it  was  known  that  many  static 
seals  can  only  function  through  a  few'  matings  with  no  impact,  the  leakage 
just  might  increase  as  a  function  of  plain  contact.  Consequently,  the 
piston  stroke  was  reduced  to  about  50  microinches  (just  off  electrical 
contact)  and  the  model  was  "zero  impact"  cycled  1000  times  with  nearly  a 
square  wave  cyclic  load  variation  zero  to  87-5  pounds  (23^i0  psi  seat 
stress)  with  0.5  seconds  on-off  time.  No  change  was  noted  in  leal-cage  after 
1000  cycles  and  the  test  was  terminated.  A  brief  stress  lealtage  test  veri¬ 
fied  the  previous  test  results  (squares  on  Fig.  A73)« 

The  cycle  tester  wa.s  next  adjusted  to  give  an  impact  velocity  of  about 
35-6  in. /sec  for  a,  peak  impact  load  of  5900  pounds  or  159,000  psi  apparent 
seat  stress.  As  shown  by  Fig.  'i7^i  and  475,  dnshpot  damping  allowed  4  to 
5  progressively  lower  bounce  cycles;  therefore,  a  10,000  cycle  tost  actu¬ 
ally  represented  about  60,000  contact  cycles.  Throughout  the  cycle  test 
at  the  spot-leak  test  stress  level  of  2450  psi,  the  leaJeage  remained  nearly 
constant  through  2000  cycles  whereupon  it  progressively  increased.  The 
stress-leakage  test  data  after  cycling  at  159,000  psi  is  indicated  in  Fig, 
473  by  the  X's,  As  shown,  there  was  little  change  in  leiiloge  at  the  low- 
stress  level:  however,  between  1000-  and  pOOO-psi  stress,  an  order  of  mag¬ 
nitude  increase  is  indicated.  At  10,000-psi  stress  the  leakage  is  again 
the  same. 

Disassembly  inspection  and  microscopic  examination  provided  explanation 
for  the  changed  stress-leakage  characteristics.  After  cycling,  the  poppet 
and  seat  vi'ere  removed  immediately  from  the  tester.  On  both  seating 
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Figure  474.  Test  Model  Piezo¬ 

electric  Load  Cell,  35*6  in. /sec 
Impact  Velocity,  PS  =  l69  psig 
(750  Ib/div. ;  0.001  sec/div.) 


Figure  475*  Test  Model  G^]^,  Pie 
electric  Load  Cell,  35*6  in. /sec 
Impact  Velocity,  PS  =  I69  psig 
(750  It/div. ;  0.00002  sec/div.) 


surfaces  there  was  observed  a  reddish-brown  contaminant  that  appeared  to 
be  what  is  conmonly  described  as  "fretting  corrosion."  Figures  150, 
through  155  show  the  condition  and  other  cyclic  effects  evident  on  the 
seat.  Unlike  the  ID,  the  seat  and  poppet  OD's  did  not  show  signs  of  fret¬ 
ting  (Fig.  156  and  15?)  although  the  poppet  was  cut  by  the  seat  corners 
which  also  underwent  slight  plastic  flow. 

As  shown  by  Fig.  I5O  and  I5I,  the  high-impact,  load-induced  corner  stresses 
caused  a  2. 3^!iicroinch  crown  in  the  seat.  Talcen  in  the  same  location  as 
the  seat,  Fig.  157  illustrates  the  cutting  effect  the  relatively  sharp 
seat  corners  had  on  the  poppet  surface. 

All  of  the  noted  photographs  were  taken  before  any  cleaning  had  been  done. 
However,  even  after  vigorous  wiping,  much  of  the  corrosion  products  were 
evident  (as  shown  by  Fig.  153),  and  not  until  the  seat  surface  had  been 
lightly  polished  with  chromic  oxide  and  tissue  was  the  true  character  of 
the  surface  damage  revealed.  This  is  shown  by  Fig,  154  and  155  where 
narrow  and  wide  band  500x  interference  photos,  oriented  tangent  to  the 
seat  circumference  and  thus  normal  to  fretting  striations,  clearly  show 
the  loss  of  material  and  attendant  increased  roughness. 

The  absence  of  fretting  in  the  single  loca.tion  shown  by  Fig.  I5I  and  157 
is  assumed  to  be  the  last  of  several  such  areas  that  were  gradually  en¬ 
veloped  by  the  fretting  condition  during  cycling.  However,  since  no  in¬ 
spections  were  made  during  the  test,  this  remains  only  an  hypothesis. 

Also  notable  is  the  protection  afforded  the  seat  corner  by  the  slight  cor¬ 
ner  dub  as  shown  at  the  ID  by  Fig.  153* 

In  explanation  of  the  stress-leakage  characteristic  after  cycling,  the 
undamaged  portion  of  the  land  still  provided  a  seal  at  both  low  and  high 
stress.  At  the  low-stress  level,  the  crowned  seat  resulted  in  higher 
center  contact  stress,  compensating  for  the  nodular  natujire  of  the  diunage. 

At  the  intermediate-stress  level  where  leakage  had  increased  up  to  10 
times  original,  the  crown  was  flattened  and  more  of  the  damaged  surface 


630 


area  was  involved.  At  the  high-stress  level  (l0,000  psi),  all  nodules 
were  flattened  and  the  first-order  effect  of  (lost)  land  width  was  com¬ 
pletely  submerged  hy  the  cubical  peak -to-val ley  roughness  parameter. 

The  fact  that  this  model  had  exhibited  such  a  relatively  minor  increase 
in  leakage  may  he  directly  attributed  to  the  precise  control  of  the  air¬ 
hearing  piston  and  antirotation  flexure.  Had  the  poppet  been  allowed  to 
move  annularly  and  eccentrically,  it  is  reasonably  certain  that  the  lealc- 
age  would  have  increased  after  relatively  few  cycles.  Some  insight  into 
this  was  gained  hy  retesting  this  model  in  the  static  tester  using  the 
hall  joint.  The  poppet  was  reoriented  and  set  up  0.0035  inch  eccentric 
to  the  seat  thus  assuring  the  damaged  surfaces  both  contacted  in  differ¬ 
ent  areas  and  undamaged  areas  overlapped  damaged  areas.  As  expected,  the 
leakage  increased  over  the  original  stress-leakage  results  as  shown  in 
Fig.  473  hy  the  diamond  data  points. 

As  indicated  in  the  Surface  Studies  section,  fretting  is  caused  by  micro¬ 
motions  between  two  materials  under  a  load.  The  different  geometry  of 
the  poppet  and  seat  results  in  different  lateral  expansion  characteristics 
since  the  poppet  surface  is  completely  contained  and  the  seat  more  easily 
deformed  outwardly.  It  would  appear,  therefore,  that  the  fretting  should 
have  occurred  at  the  OD  since  this  is  the  area  undergoing  the  greatest 
relative  motion.  Two  hypotheses  are  offered  as  to  the  experimental  result. 
The  first  is  that  the  ID  fretting  resulted  primarily  from  interfacial 
movement  under  higher  contact  stresses  at  this  location.  Higher  stress 
at  the  ID  was  indicated  hy  Model  K  aluminum  seat  (  Fig.  137)  where  the  ID 
proved  considerably  stronger  than  OD.  The  second  hypothesis  discounts  the 
high-stress  idea  because  the  parts  are  firmly  mated  under  high  loads. 

From  the  digital  analysis  it  was  shown  that  both  poppet  and  seat  would 
separate  from  their  preloaded  bearing  surfaces  under  sufficiently  high 
impacts.  Evidence  of  this  was  shown  after  disassembly  where  the  strain 
gage  load  cell  hearing  pads  and  mating  poppet  surfaces  had  fretted.  The 
seat  and  piezoelectric  load  cell  also  had  fretted,  hut  to  a  much  lesser 
extent.  Considering  the  multiple  impacts  shown  hy  Fig.  474,  it  is  possible 
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that  the  poppet  and  seat  were  in  lateral  motion  at  the  instant  of  the 
second  or  third  impacts.  This  would  undoubtedly  contribute  to  a  fretting 
condition.  Furthermore,  since  it  has  been  shown  that  the  OD  plastically 
collapses  more  than  the  ID,  there  is  some  argument  that  the  fretting  took 
place  at  light  loads  because  of  its  location  only  at  the  ID. 

This  does  not  explain,  of  course,  why  the  fretting  did  not  occur  at  the 
supposedly  higher  out-of-parallel  OD.  Before  any  firm  conclusion  could 
be  reached,  further  tests  would  have  to  he  performed.  However,  indications 
are  that  the  first  hypothesis  is  correct  because  cycle-tested  models  having 
nearly  identical  poppet  and  seat  lands  experienced  almost  no  fretting. 


Model  0.6  AA  Circular  Lay  440C  Poppet  and  Seat 


This  model  had  nearly  the  best  surface  produced  in  the  program.  Its  less 
than  1-microinch  AA  roughness,  combined  with  circular  lay  and  ID  and  OD 
seat  corners  chamfered  and  dubbed  (5  microinches  over  0.0005  inch)  ,  was 
used  to  evaluate  the  cyclic  capabilities  of  circular  lay.  Chronologically 
the  model  was  tested  following  the  initial  10,000  cycles  on  Model 
Therefore,  tester  inputs  were  not  changed  where  impact  velocity  was  con¬ 
stant  at  7«60  in. /sec.  Based  upon  seat-land  area  the  peak  impact  stress 
was  28,200  psi. 

Precycle  electrical  contact  test  indicated  a  20-fflicroinch  equivalent  paral¬ 
lel  plate  gap  (h^).  With  this  result  and  comparison  between  ball  joint 
and  clamped  precycle  stress-leakage  tests  (Fig.  476) ,  an  out-of-parallel 
condition  is  indicated.  Extrapolating  the  stress-leakage  tests  back  to 
100-psi  stress  (4  pounds  load)  the  (h^)  difference  indicated  between 
clamped  and  ball  loaded  tests  is  6.7  microinches.  Allowing  one-half  of 
the  total  PTV  roughness  (1.8  microinches)  for  increased  gap,  the  out-of¬ 
parallel  height  becomes 
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L  O  A  Test  2,  before  28,200-psi,  10,000-cycle  test 
Test  3,  after  28,200-psi,  10,000-cycle  test 
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Figure  476*  Stress-Lealcage  Data  for  Cycle  Test  Model  B  ,  Tests  2  and  3 


which  is  coiumensui’ate  with  measured  dimensions.  This  example  serves  to 
show  the  relative  influence  of  only  slight  parallelism  errors  on  the 
stress-leakage  characteristic  where  PT\''  roughness  is  smiall. 

The  reason  for  lower  clamped  condition  leakage  between  1000  and  10,000  psi, 
compared  with  ball  joint  results,  might  be  explained  by  the  concentration 
of  load  on  one  side  of  the  seating  interface  which  serves  more  to  reduce 
the  PTV  height  on  this  side  than  not  reduce  it  on  the  other.  The  net  re¬ 
sult  is  decreased  leakage.  At  these  low  leakage  values,  it  should  be  noted 
that  the  difference  in  PT\^  height  is  very  small.  This  condition  was  also 
evident  on  Model  0^^^- 

Throughout  the  10,000-cycle  test,  little  cliange  in  leakage  occurred  at 
the  spot-test  stress  of  2210  psi.  iVs  shovm  by  Fig-  h~6 ,  bef ore-and-after 
cycle  stress-leakage  tests  indicate  only  slight  decrease  in  leakage. 

Microscopic  examination  of  the  poppet  and  seat  revealed  no  evidence  of 
surface  deterioration  or  change  in  surface  topography  oi;her  tlian  several 
obvious  contaminant-caused  depressions,  2  to  5  microinches  deep,  along 
with  numerous  smaller  depressions. 


Conical  Model  ,  1  AA  33-Degree  Seating  Angle 

Having  conical  geometry  with  attendant  wedging  characteristics  (as  indi¬ 
cated  by  static  stress-leakage  hysteresis),  it  was  expected  that  unavoid¬ 
able  rubbing  at  impact  would  result  in  surface  texture  change,  even  though 
previous  flat  models  cycled  at  the  lower  impact  level  exhibited  none. 

Since  apparent  seat  stress  was  based  upon  the  axially  projected  apparent 
land  area,  the  cycle  test  impact  v'elocity  was  reduced  to  give  a  pe.'ik  im¬ 
pact  stress  similar  to  the  previous  models.  The  calibration  flat  model 
was  installed  in  the  cycle  tester  and,  from  calibration  results,  an  im¬ 
pact  velocity  of  4.4  in. /sec  was  computed  to  give  an  impact  stress  of 
about  27,000  psi.  However,  iij)on  installation  of  the  conical  model  it  was 
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found  that  this  velocity  yielded  an  impact  stress  of  only  19,000  psi. 

The  velocity  was  then  increased  to  5-6  in. /sec,  resulting  in  27,000  psi 
apparent  seat  stress.  Based  on  a  simple  spring-mass  system,  the  equiva¬ 
lent  spring  rate  of  the  conical  model  was  only  64  percent  of  the  flat 
model.  This  was  attributed  partially  to  the  pronounced  surface  waves  of 
the  conical  poppet  which  acted  as  low-rate  springs. 

Figure  477  illustrates  a  typical  impact  trace  which  indicates  two  impacts 
per  cycle,  hut  with  much  of  the  high-frequency  ringing  evident  with  flat 
model  impacts  absent.  This  may  also  he  attributed  to  the  frictional  damp¬ 
ing  provided  by  the  conical  wedge. 

As  cycling  progressed,  the  lealcage  measured  at  the  spot-test  stress  of 
2520  psi  dropped  from  about  O.3  to  0.2  scim  within  the  first  5  cycles; 
additional  decrease  to  0.1  scim  occurred  within  the  next  200  cycles.  Be¬ 
tween  200  and  5000  cycles,  leakage  remained  constant  at  about  O.O5  to  0.08 
scim;  however,  upon  the  conclusion  of  10,000  cycles,  leakage  had  increased 
to  about  0.65  scim  indicating  surface  degradation. 

Comparison  of  hefore-and-after  cycling  stress-leakage  data  is  shown  by 
Fig.  478.  Test  repeatability  from  static  to  cycle  tester  is  also  shown 
by  an  overlay  curve  of  data  obtained  in  the  static  tester.  Better  (or 
corrective)  poppet  alignment  was  provided  by  the  cycle  tester  as  indicated 
by  the  10,000-psi  leak  points. 

The  after  10,000-cycle  test  curve  reflects  surface  degradation  with  con¬ 
siderably  increased  hysteresis.  The  reason  for  this  is  shown  by  posttest 
inspection  photos  (Fig.  222  and  223).  Similar  to  Model  0^^,  areas  corres¬ 
ponding  to  peak  waviness  locations  had  what  appeared  to  be  corrosion  fret¬ 
ted.  A  reddish-bro\m  contaminant  (visible  as  black  areas  in  preceding 
figures)  was  evident  without  magnification.  Interference  measurements 
indicated  the  "worm-wood"  like  tracks  to  be  about  2  to  4  micro inches  deep. 
It  would  seem  reasonable  that  the  increased  hysteresis  was  caused  by  the 
interlocking  action  of  obviously  high  areas.  Had  cycling  taken  place  at 
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Figure  477-  Test  Model  ,  Piez 
electric  Load  Cell,  5-6  in. /sec 
Impact  Velocity,  PS  =  I5O  psig 
(87-5  Ib/div. ;  0.0002  sec/div.) 
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Stress— Leakage  Data  for  Cycle  Test  Model  ,  Tests  2  and  3 


higher  impact  loads  or  for  additional  cycles,  the  number  and  size  of  fret¬ 
ted  areas  would  have  increased  likewise  with  attendant  increased  leakage 
degradati on. 


Model  ,  0.5  A4  Unidirectional  lay  ^i40C 
Poppet  and  Seat 

Having  defined  load  and  geometry  variation  effects,  the  remaining  param¬ 
eter  to  be  investigated  was  the  number  of  cycles.  Model  ,  having  geom¬ 
etry  and  texture  very  similar  to  Model  provided  the  necessary  control. 

Surface  texture  evaluation  indicated  Model  X^  to  have  relatively  uniform 
seating  surfaces  with  no  significant  deep  scratches.  As  deduced  from  the 
interference  photos  (Pig.  296  and  297),  the  seat  roughness  height  was  1.5 
micro  inches  PTV  with  the  poppet  slightly  less  at  1.4  micro  inches  PTV. 

Model  Xj  was  static  tested  to  56,000-psi  stress  as  illustrated  in  Pig.  479- 
Some  initial  surface  roughness  plastic  deformation  is  evident,  but  the 
second  loading  cycle  demonstrated  an  extremely  elastic  condition.  Post¬ 
test  examination,  however,  revealed  evidence  of  unique  seat  land  edge 
damage.  Pigure  298  shows  the  seat  land  condition  before  static  test. 
Although  the  land  was  rmide  to  the  A  change  drawing  (chamfered  edges),  it 
had  no  duboff  with  a  rather  sharp  transition  from  flat  to  chamfer  radius 
(shown  by  side  lighting  in  Pig.  298).  Pigure  299  shows  an  ID  area  (typical 
of  four  such  areas  noted)  where  metal  upset  has  occurred.  The  damage  is 
not  as  severe  as  that  noted  on  Model  CC^  (Surface  Textujre  Evaluation  sec¬ 
tion)  which  may  be  attributed  to  the  additional  edge  support  offered  by 
the  corner  chamfers.  It  does  point  out,  however,  that  ci  rolled  or  dubbed 
land  corner  is  necessary  to  preclude  such  damage. 

As  described  in  the  test  procedures  section,  Model  X^  accumulated  1,000,000 
single  impact  cycles  at  214  cps.  Pigures  480,  481,  and  482  illustrate  the 
standing  wave  dynamics  and  typical  impulse  curve  shape.  Comparison  between 
the  impulse  curve  of  Pig.  482,  obtained  while  cycling  at  214  cps,  and  an 
impulse  of  the  same  magnitude  obtained  statically  indicated  no  discernable 
difference. 
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Figure  480.  Test  Model  Xf ,  Piezo¬ 
electric  Load  Cell,  ~  7«7  in. /sec 
Impact  Velocity,  PS  =  25  psig 
(150  Ib/div. ;  0.001  sec/div.) 


Figure  481.  Test  Model  X^ ,  Piezo¬ 
electric  Load  Cell,  ~7-7  in. /sec 
Impact  Velocity,  PS  =  25  psig 
(150  Ib/div.;  0.0001  sec/div.) 


Figure  482.  Test  Model  X^ ,  Piezo¬ 
electric  Load  Cell,  ~  7*7  in. /sec 
Impact  Velocity,  PS  =  25  psig 
(150  Ib/div.;  0.00002  sec/div.) 
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The  time  between  impacts  (Fig.  480)  was  4.67  milliseconds  vt'hich  vms  suf¬ 
ficient  to  permit  cessation  of  piezoelectric  load  cell  ringing  before  the 
subsequent  impact.  Thtis ,  the  integrity  of  each  impact  cycle  was  preserved 
to  a  greater  degree  than  the  multiple  bounce  condition  of  externally  ini¬ 
tiated  cycles. 

Although  metal  temperatures  were  not  measured  during  cycling,  it  v/as 
assumed  that  the  continuous  bleed  of  gas  between  the  seating  surfaces, 
combined  vs'ith  the  massive  tester  heat  sink,  maintained  reasonably  low  inter 
face  temperatures.  Finger  contact  indicated  no  heating  from  cyclic  impacts 
Moreover,  since  leakage  was  measured  every  100,000  cycles,  the  continuous 
cycle  time  vv’as  limited  to  less  than  8  minutes. 

After  the  initial  25,000  cycles,  leakage  had  changed  from  0.011  scim 
(spot-test  stress  of  2010  psi)  to  0.0049  scim.  From  this  point,  leakage 
gradiiaTly  increased  to  a,  maximum  of  0.0092  scim  at  400,000  cycles  and  then 
gradually  decreased  to  0.0023  scim  at  1,000,000  cycles,  Before-and-af ter 
cycle  stress-lealcage  results  are  shown  in  Fig.  483* 

Although  the  relative  decrease  in  lealcage  is  significant  (4/l  at  2000  psi 
stress)  the  change  in  equivalent  height  (h^)  is  small  (0.5  microinches) 
due  to  the  fine  finish  of  this  model.  The  cause  for  this  change  is  par¬ 
tially  indicated  by  posttest  interference  photos. 

Figures  300  and  301  show  the  seat  land  where  the  outer  edges,  particularly 

the  01),  were  plastically  dubbed  (compare  with  Fig.  298).  The  poppet  (Fig. 

302  and  303)?  talcen  in  the  same  location,  had  similarly  been  plastically 

vipset  by  the  initially  sharp  corner  condition.  Evidence  of  corrosion 

fretting  was  also  evident,  but  to  a  lesser  degree  than  Models  G„.  and  B  . 

f  1  c 

The  plastically  created  pits  illustrated  by  these  photos  are  examples  of 
several  others  of  similar  character.  It  was  concluded  that  they  originated 
from  soft  contaminants  dislodged  downstream  of  the  supply  pressure  filter 
by  the  intense  214  cps  vibration.  The  depression  shown  in  Fig.  3OI  is. 
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Test  1  Overlay,  in  static  tester  (Fig.  479) 

Test  2,  before  26,600-psi,  1,000,000-cycle  test 
Test  3)  after  26,600-psi,  1,000,000-cycle  test 
Test  4,  in  static  tester,  ball  loaded,  reoriented 
and  eccentric  0.0035  in.,  after  26,600-psi 
1,000,000-cycle  test 
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Figure  483-  Stress-Leakage  Data,  for  Cycle  Test  Model  X  ,  Tests  2,  3,  and  4 


for  example,  about  50  microinchea  deep.  Ita  counterpart  on  the  poppet, 
however,  is  only  about  20  microinches  deep  indicating  it  to  be  the  harder 
of  the  two. 

It  is  apparent  from  the  above  photos  and  stress  leakage  data  that,  although 
both  surfaces  had  been  plastically  deformed,  as  with  Model  0^^^,  the  extreme 
position  control  provided  by  the  tester  allowed  the  interface  to  be  pressed 
closer  together  for  a  given  load.  Furthermore,  it  is  also  likely  that  the 
plastic  dubbing  of  the  land  edges  allowed  a  more  uniform  distribution  of 
contact  stress,  thus  creating  a  smaller  leakage  gap.  The  extent  of  either 
of  the  two  possibilities  is,  however,  unknown. 

Reorientation  of  the  poppet  and  seat  in  the  static  tester  after  cleaning 
afforded  a  measure  of  the  plastic  surface  damage.  An  increase  in  leakage 
resulted  as  shown  by  Fig.  483- 


PERFORMANCE  COMPARISON  TESTS 

With  previous  models  establishing  basic  cyclic  effects,  additional  models 
were  cycle  tested  for  performance  comparison. 


Model  Yj,  0.7  AA  Unidirectional  Lay  440C 
Poppet  and  Seat 

As  previously  reported  under  Model  D^,  the  intermediate  impact  level  cycle 
test  was  established  a£  the  median  between  those  levels  investigated  with 
Model  This  test  level  was  evaluated  with  Model  which  had  the  same 

geometry  as  previous  models  to  (l)  provide  a  range  of  data  on  the  fretting 
corrosion  effect,  and  (2)  reduce  the  level  of  fretting  corrosion  from  that 
obtained  with  Model  to  something  which  might  be  eliminated  by  changes 
in  contact  geometry. 
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Model  siirface  texture  ia  ahown  by  Fig  304,  305)  and  306.  The  seat  had 
been  purposely  preduhhed  prior  to  final  finishing  so  that  an  edge  roll-off 
remained.  Assessed  at  2.0  and  1.7  microinches  PW,  the  model  surface 
roughnesses  are  representative  of  those  previously  cycled. 


Used  only  as  a  relative  control,  this  model  was  not  tested  with  the  hall 
joint  loading  method  in  the  static  tester.  The  model  was  assembled  directly 
into  the  cycle  tester  and  stress-leakage  tested  with  the  results  shown  in 
Fig.  484.  As  indicated  by  Table  8  and  comparison  with  previous  stress- 
leakage  data.  Model  yielded  data  quite  similar  to  Models  and  X^. 

With  the  dashpot  adjusted  to  give  an  impact  load  of  4100  pounds  (91,700 
psi)  Model  Y^  was  cycled  10,000  times.  Typical  impulse  traces  are  shown 
in  Fig.  485  and  486  which  indicate  five  impacts  per  cycle.  As  expected, 
leakage  continuously  decreased  with  cycles,  with  the  final  result  ahown 
in  Fig.  484. 


Microscopic  examination  of  model  surfaces  revealed  a  fretting  condition 
between  Model  and  X^,  however,  there  was  no  evidence  of  corner  damage 

on  either  seat  or  poppet.  Figures  307  and  308  show  typical  seat  siu-face 
characteristics  before  and  after  wiping.  As  can  he  seen  from  Fig.  308, 
the  wear  pattern  is  extremely  small  and  about  1  to  3  microinches  deep. 


Figures  309  through  312  show  the  deposit  of  corrosion  products  on  the 
mating  poppet  face.  Assessment  of  the  film  thickness  with  green  and  white 
light  interference  indicated  it  to  he  about  5  microinches  and  raised  from 
the  surface  (Fig.  31l)*  The  interference  patterns  set  up  by  two  materials 
of  different  density  and  reflectivity  ia  not  known;  therefore,  this  meas— 
iLrement  ia  questionable.  There  is,  however,  conclusive  proof  from  Fig. 

312  that  the  corrosion  products  depressed  the  surface  in  the  typical  pat¬ 
tern  about  1  microinch  deep. 
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Nitrogen  Leak 
Figure  484.  Stress -Leakage  Data  for  ' 


=  1000  psig 

O  Test  1,  before  91j700-psi,  10,000-cycle  test 
A  Test  2,  after  91,700-psi,  10,000-cycle  test 


Figure  486.  Test  Model  Yf ,  Piez 
electric  Load  Cell,  ~  24  in. /sec 
Impact  Velocity,  PS  =  l69  psig 
(500  Ib/div. ;  0.00002  sec/div.) 


Figure  485.  Test  Model  Yf,  Piezo 
electric  Load  Cell,  ~  24  in. /sec 
Impact  Velocity,  PS  =  l69  psig 
(500  Ib/div. ;  0.001  sec/div.) 
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Model  ilAj, ,  0.3  Tungsten  Carbide  Poppet  and  0.2  AA 
Cfovned  440C  Seat,  Circular  La.y 

Following  Model  in  line  of  test,  the  purpose  of  this  model  was  to  in¬ 
vestigate  the  effect  of  impact  between  timgsten  carbide  and  440C.  Having 
different  moduli,  it  was  expected  that  even  with  the  crowned  seat  a  fret¬ 
ting  condition  would  result. 

The  10,000-cycle  test  was  performed  the  same  a,s  ivith  Model  ,  with  peak 
impact  load  set  at  4100  pounds.  Typical  impulse  traces  (Fig.  487  and  488) 
indicate  the  additional  system  stiffness  caused  by  the  carbide  poppet. 
Impact  velocity  was  not  measured.  Because  of  the  unknawn  spring  rate, 
calibration  (f/v)  values  do  not  apply. 

As  shown  in  Fig.  489,  the  pretest  stress-leakage  characteristic  does  not 
blend  into  the  static  tester  (hal  1-joint)  curve  until  some  8000-psi  seat 
stress  has  been  developed.  Electrical  contact  checks  indicated  a  21- 
microinch  maximum  parallelism  deviation.  Other  cycle  models  with  similar 
non-parallel  conditions  conformed  with  static  test  data  by  2000-psi  stress 
It  is  probable  that,  because  of  the  more  rigid  tungsten  carbide  poppet 
used,  the  seat  had  to  deform  more  than  those  of  previous  tests  hence,  the 
higher  conforming  stress. 

Lealcage  at  the  2200-psi  stress  check  point  dropped  from  the  initial  value 
of  0.013  scim  to  0,003  scim  at  500  cycles,  then  steadily  rose  to  0.0052 
scim  at  7590  cycles  after  wkich  it  remained  constant.  The  posttest  stress 
leakage  curve  (Fig.  489)  revealed  a  low'-stress  improvement,  but  also  the 
first  instance  of  flat  model  high-stress  sealing  degradation  noted  during 
the  program. 

The  low-stress  improvement  may  be  attributable  to  out-of-parallel  corner 
and  nodule  flattening.  Increased  high-stress  leakage  was  probably  caused 
by  a  combination  of  corrosion-fretting  contaminant  film  and  increased 
density-of-carbide  pits  (Fig.  201  through  204).  It  is  notable  that  the 
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Figure  488.  Test  Model  AA. 
electric  Load  Cell,  PS  =  1( 
(500  Ib/div.;  0.00002  sec/i 
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Figure  489-  Stress-Leakage  Data  for  Cycle  Teat  Model  ,  Tests  7  ^ind  8 


corrosion-wear  products  were  not  removed  by  light  wiping  with  benzene- 
soalied  cleaning  tissue;  as  with  previous  models,  vigorous  rubbing  was 
required. 

As  indicated  by  Fig.  201,  the  major  wear  area  on  the  seat  was  slightly 
off-center  toward  the  ID.  This  corresponds  with  the  mea.sured  location  of 
the  contaminant  shown  on  the  poppet  (Fig.  203).  Although  no  damage  was 
observed  on  the  seat  after  cleaning,  the  poppet  exhibited  a  marked  increase 
in  the  density  of  pits  evident  after  wiping  (Fig.  204).  IvTiile  not  chang¬ 
ing  the  stress-lealcage  characteristic  greatly,  it  is  assumed  from  previous 
results  that  the  high-stress  leakage  increase  was  due  to  increased  carbide- 
pit  density.  In  verification  of  this,  a  posttest  Proficorder  roughness 
trace  was  mtide  using  the  0.0001-inch  radius  tip.  Tliis  trace,  coiuiiared 
with  one  mode  before  test,  indicated  a  substantial  increase  in  the  average 
Pr\^  dimension  attributable  to  pits. 

Althoiigh  not  conclusive,  the  results  of  this  test  indicate  that  the  impact 
mating  of  materials  having  a  large  difference  in  elastic  modules  nay  pre¬ 
cipitate  an  undesirable  wear  condition. 

Re-evaluation  of  the  seat  crown  radius  from  Fig.  202  did  not  indicate  a 
radius  change.  Considering  that  much  smaller  corner  radii  of  Model  Y^, 
did  not  reflect  any  plastic  flow,  none  woiild  be  expected  of  the  lower 
stressed  center  of  Model  seat. 


Model  P^ ,  0.7  AA  Unidirectional  Lay  440C 
Poppet  and  Seat 

Based  upon  previous  test  results,  it  was  concluded  that  fretting  corrosion 
and  corner  dtunage  was  caused  by  the  model  geometry  of  a,  square-cornered 
seat  pressed  onto  the  overlapping  poppet  land.  Corner  damage  could  ob¬ 
viously  be  eliminated  by  suitable  crowning  of  the  sea.t  which  would  pre¬ 
clude  corner  contact.  However,  by  relieving  tlie  poppet  to  form  a  raised 
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land  similar  to  the  seat,  the  jjoppet  edge  stiffness  would  he  reduced  also 
eliminating  a  corner  problem.  Furthermore,  since  the  poppet  and  seat  would 
have  the  same  geometry  and  elastic  properties,  deformation  should  be  nearly 
identical  with  minimal  interfacial  slip  occurring  during  impact  deformation. 

Model  Pj  was  fabricated  to  verify  the  above  hypothesis.  The  poppet  was 
diamond-turned  to  duplicate  the  mating  seat  land  geometry  as  generally 
indicated  by  Fig.  63  (model  fabrication  section).  Both  poppet  and  seat 
were  then  imidirectional  diamond-lapped  with  a  heavy  predub  prior  to 
achieving  the  final  finish  and  land  dimensions  shown  by  Table  4.  Eccen¬ 
tricity  of  poppet  and  seat  lands  relative  to  their  respective  guide  diam¬ 
eters  was  within  0.0001  inch;  thus  total  installed  eccentricity  between 
poppet  and  seat  lands  was  probably  within  O.OOO3  inch. 

The  before-test  surface  texture  and  land  characteristics  of  the  poppet 
and  seat  are  typically  shown  in  Fig.  313  through  3I6.  Due  to  increased 
finishing  time,  the  poppet  roughness  of  1.6  microinches  PTV  was  less  than 
the  seat  which  was  assessed  at  2.1  micro  inches  PTV.  The  minutely  pitted 
seat  surface  structure  (Fig.  314) was  caused  by  a  wet  slurry  of  rolling- 
diamond  compound  not  completely  removed  by  finish  unidirectional  lapping. 
Because  of  greater  poppet  roughness,  Model  P^,  before  cycling  stress-lealtage 
tests  indicated  slightly  higher  leakage  than  previous  control  surfaces. 
Other  than  this,  before  cycling,  stress-leakage  characteristics  were  sim¬ 
ilar  to  previous  models. 

With  Model  results  as  a  reference,  Model  P^  was  10,000-cycle  tested  at 
4050-pound  impact  load  (l06,000-psi  apparent  seat  stress).  Figures  490 
and  491  illustrate  typical  impulse  traces.  The  characteristic  decrease 
in  leakage  with  cycles  was  evident  tliroughout  the  cycle  test  with  results 
very  similar  to  Model  as  shown  by  Fig.  492.  Unlike  Model  Y^,  however, 
increased  leakage  below  1000  psi  resulted. 

Posttest  microscopic  examination  of  the  seating  surfaces  revealed  no  evi¬ 
dence  of  fretting  corrosion.  The  increased  low  stress  leakage  was  caused 
by  the  embedment  of  a  large  metallic  particle  in  both  seat  and  poppet  as 
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Figure  490.  Test  Model  ,  Pi 
electric  Load  Cell,  ~  24  in./s 
Impact  Velocity,  PS  =  l69  psig 
(500  Ib/div.;  0.0005  sec/div.) 


Figure  491.  Test  Model  P^,  P-i^ 
electric  Load  Cell,  ~  24  in./s 
Impact  Velocity,  PS  =  169  psig 
(500  Ib/div.;  0.00002  sec/div. 
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Figure  492.  Stress-Leakage  Data  for  Cycle  Test  Model  P^,  Tests  1  and  2 


shown  by  Fig.  317  through  321.  The  depression  depth  in  the  seat  is  indi¬ 
cated  as  20  light  hands,  or  about  0.0002  inch.  The  poppet,  being  slightly 
harder,  was  only  depressed  40  microinches .  bTiite  light  interference  meas¬ 
urements  indicated  the  flattened  particle  height  (Fig.  31?)  to  be  about 
5  microinches. 

Figui'os  319  and  321  show  the  surface  texture  at  the  bottom  of  the  depres¬ 
sion.  Although  the  bands  are  quite  narrow,  the  PTV  roughness  and  lay 
characteristic  has  not  been  appreciably  altered  by  the  gross  plastic  de¬ 
formation  of  substrate  material.  This  further  illustrates  the  extreme 
elastic  strength  and  rigidity  of  the  immediate  surface.  Furthermore,  it 
indicates  that  the  contaminant  particle  was  softer  than  the  60  440C 
steel . 

From  the  test  results,  it  is  concluded  that  identical  poppet  and  seat  land 
geometry  is  to  be  preferred  ov^er  the  hounded  land  design  for  cyclic 
endurance . 


Model  ,  0.5  jIA  Circular  Lay  Crowned 
Poppet  and  Seat 

Extending  the  identical  poppet  and  seat  geometry  concept  further.  Model 
P^  was  reworked  to  include  crowning  of  both  poppet  and  seat.  During  the 
final  finishing  operation,  rolling-compound  grit  caused  a  minute  pitting 
over  the  center  portion  of  the  seat  land.  As  the  primary  purpose  of  the 
model  was  to  determine  cyclic  effects  upon  surface  texture,  refinishing 
was  not  undertaken. 

Seat-surface  texture  is  shown  in  Fig.  322  through  325*  The  PTV  rouglmess 
of  this  immediate  surface  was  less  than  the  assigned  composite  value  of 
1.3  microinch  which  included  the  noted  pits.  This  is  based  upon  the  ex¬ 
treme  pit  density  in  the  effective  center  section  of  the  land.  All  cross 
lay  scratches  had  been  removed  by  circular  finishing.  From  Fig.  322,  the 
crown  radius  was  computed  as  6.0  inches  over  the  center  0.0227-inch  por¬ 
tion  of  the  land  (Z  ^  10.8  microinches) . 
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Althoiigh  finished  with  the  same  teclmiques,  pojjpet  geometry  was  slightly 
different  than  the  seat  (Fig.  326,  327,  and  328).  Having  no  pits,  the 
PTV  roughness  was  assessed  at  1.2  microinches;  also,  there  were  no  cross 
lay  scratches.  The  poppet  crown  radius  was  larger  than  the  seat  because 
of  less  finishing  time.  Taken  from  Fig.  326  and  327,  the  radius  computed 
over  the  central  0.0174-inch  section  (Z  =  2  microinches)  is  l6  inches. 
Tangent  to  this  large  center  radius  are  OD  and  ID  dubboff  radii  computed 
at  about  1.0  inch. 

Model  was  static  tested  with  the  ball  joint  for  two  stress  loops  as 

shown  in  Fig.  493*  Average  Hertz  contact  stress  (cT  )  for  the  initial 

avg 

increasing  load  loop  is  also  plotted.  Due  to  the  pitted  texture  of  the 
seat  this  model  approximates  the  results  obtained  with  Model  AA^.  However, 

X 

low-stress  leakage  is  considerably  greater  (than  AA^)  due  to  the  relative 
stiffness  of  the  pitted  surface  which  illustrates  the  detrimental  effect 
of  closely  interspersed  pits. 

Precycle  electrical  contact  evaluation  indicated  excellent  assembly  accxir- 
acy  w'ith  an  equivalent  separation  (h^)  based  on  a  0.03  land  of  about  9 
microinches.  Considering  the  crown  condition,  the  actual  equivalent  gap 
was  somewhat  less  than  this.  As  with  jirevious  clamped  models  high-stress 
leakage  was  slightly  less  than  that  produced  by  the  ball  joint  (Fig.  494). 
Low-stress  results  were  nearly  identical  with  those  obtained  in  static 
testing.  Cycle  testing  of  Model  Z^  was  conducted  using  the  high-frequency 
technique  to  accumulate  1,000,000  impact  cycles.  Figure  495  depicts  a 
typical  impulse  trace.  The  cycles  jjroduced  only  minor  change  in  leakage 
throughout  the  test  with  the  final  stress-leakage  data  indicating  decreased 
leakage  (Fig.  494). 

Posttest  microscopic  examination  showed  the  seating  surfaces  to  be  virtually 
free  of  the  fretting  contaminants  evidenced  by  Model  Y^.,  However,  the 
results  were  not  of  the  excellence  shown  by  Model  P^  since  four  to  seven 
wear  spots  of  approximately  0.002-inch  diameter  were  evident  in  the  center 
of  the  seating  surfaces.  It  is  believed  that  this  slight  fretting  was 
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Figure  493 ►  Stress— Le  ale  age  Data  for  Cycle  Test  Model  Z^,  Test  1 
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Stress-Leakage  Bata  for  Cycle  Test  Model  Z^,  Test  2  and  5 


Figure  495-  Test  Model  Zf ,  Piezo¬ 
electric  Load  Cell,  ~9-l  in. /sec 
Impact  Velocity,  PS  =  25  psig 
(175  Ib/div. ;  0.00002  sec/div.) 
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due  primarily  to  the  pitted  seat  which  caused  high-contact  stresses  on 
individual  asperities.  After  removal  of  fretting  products,  no  damage  to 
the  under  surface  was  observed. 

From  these  results  it  was  concluded  that  the  circular  lay  crowned  geometry 
of  identical  poppet  and  seat  land  widths  was  an  optimum  configuration  for 
metal— to-metal  valve  seating. 


Spherical  Model 


0.5  AA  41-Degree  Seating  Angle 


To  investigate  the  cyclic  characteristics  of  a  spherical  configuration, 
this  model  was  cycled  10,000  times  at  29,800  psi  peak  impact  stress.  As 
previously  noted,  Model  A^  utilized  a  near-zero  finish,  but  pitted  grade 
25  ball,  and  a  spherically  lapped  O.5  microinch  AA  circular  lay  finished 
seat.  As  shown  in  Fig.  496  the  pretest  stress-leakage  curve  closely  con¬ 
forms  to  the  static  tester  data  except  for  somewhat  greater  hysteresis. 
Unlike  the  flat  models  where  parallelism  is  the  prime  factor,  the  spherical 
model  requires  precise  axial  alignment  when  installed  in  the  cycle  tester. 
The  effect  of  taper  or  misalignment  is  increased  hysteresis,  as  noted, 
since  any  slippage  during  poppet-seat  loading  results  in  added  frictional 
holding  forces. 

To  obtain  the  pealc  impact  stress  noted  above,  the  dashpot  was  adjusted  to 
the  impact  load  of  878  pounds  (Fig.  497).  Cycle  testing  resulted  in  very 
slight  change  in  leakage  above  2000-psi  seat  stress.  Below  this  level, 
however,  a  significant  increase  in  increasing  load  leakage  occurred. 

Interference  microscopic  inspection  revealed  only  about  10  small  (0.002- 
to  0.011— inch  long  and  less  than  0.001-inch  wide)  fret  areas  comprised  of 
minute  pits  up  to  3  micro  inches  deep.  These  are  typically  shown  in  Fig. 

241,  242,  and  243.  The  poppet  photos  also  indicate  (somewhat  inconclu¬ 
sive  ly)  an  increased  nodule  density  compared  with  before-test  photos. 

(Due  to  the  low  magnification  and  narrow  band  spread,  100-power  interference 
photos  of  spherical  sui-faces  are  difficult  to  assess  for  textural  changes.) 
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Figure  496.  Stress-Leakage  Data  for  Cycle  Test  Model  ,  Tests  2  and  3 
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Figure  497-  Test  Model  Ag ,  Piezo¬ 
electric  Load  Cell,  ~7*6  in. /sec 
Impact  Velocity,  PS  =  158  psig 
(112.5  Ib/div. ;  0.0002  sec/div.) 
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It  is  also  possible  that  the  increased  low-stress  lealcage ,  equivalent  to 
a  gap  (h^)  change  of  about  2.5  microinches  at  400  psi,  is  due  to  slight 
poppet  radial  position  change  during  cycling,  particularly  because  of  the 
lower  return-stress  leakage. 

The  seat  photo  (Fig.  24l)  additionally  shows  the  land  edge  condition  which 
was  not  noticeably  altered  by  cycling.  Nor  was  there  emy  noticeable  plas¬ 
tic  deformation  of  the  poppet  in  the  location  of  the  seat  corner. 

Although  inconclusive,  the  test  results  indicate  the  spherical  configura¬ 
tion  to  have  less  resistance  to  fretting  than  equivalent  flat  models. 
Moreover,  an  additional  test  at  the  90,000— psi  impact-stress  level  would 
almost  certainly  have  produced  a  wear  condition  that  decreased  seating 
angle  would  have  aggravated. 


Model  0.6  AA  Unidirectional  Lay  440C  Poppet, 

Gold-Plated  Seat 


Although  of  poor  geometric  and  finish  configuration,  Model  T^^  was,  none¬ 
theless,  cycle  tested  to  deternine  the  general  effects  of  impact  loading 
ultra-thin  gold  plate.  The  flatness  of  the  previously  noted  seat  ID  ridge 
was  shown  by  electrical  contact  test  before  cycling  by  an  indicated  equiv¬ 
alent  gap  (h^)  of  21  microinches.  As  indicated  by  Fig.  498,  stress-leakage 
data  before  cycling  under  clamped  loading  closely  followed  ball-joint 
static  test  results  with  any  out-of-parallel  submerged  by  the  relatively 
rough  gold  surface  texture. 

With  cycle  test  impact  load  set  at  1330  pounds  impact  force,  Model  T^^  was 
cycled  10,000  times.  Typical  impulse  characteristic  is  illustrated  by 
Fig.  499,  which  indicates  little  change  from  the  implated  versions.  The 
peak  impact  stress  of  30,000  psi  was  identical  to  the  maximum  value  reached 
in  the  before— eye] ing  stress-leakage  evaluation.  Consequently,  any  change 
in  surface  structure  would,  as  with  a  valve  seat,  be  due  to  only  the  effects 
of  repeated  cycles. 
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Figtire  498.  Stress-Leakage  Data  for  Cycle  Test  >fodel  T, 


Tests  2  and  3 


Figure  499-  Test  Model  T^j^,  Piezo¬ 
electric  Load  Cell,  ~  8.8  in. /sec 
Impact  Velocity,  PS  =  165  psig 
(175  Ib/div.  ;  0.0002  sec/div.J 
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As  shown  by  Fig.  498,  the  leakage  after  cycling  was  reduced  above  1000-psi 
stress.  Figures  283  and  284  illustrate  typical  seat  conditions.  Although 
the  ID  ridge  width  was  slightly  increased,  its  height  above  the  average 
surface  was  not  significantly  changed  from  the  before-test  9  microinches. 
Some  disruption  of  the  gold  plate  is  evident  toward  the  OD  (Pig.  283) 
which,  with  a  better  geometry,  might  have  increased  leakage;  however,  this 
is  not  known.  Microscopic  inspection  of  the  poppet  revealed  no  substantial 
damage . 

From  these  tests  it  is  apparent  that,  for  optimum  results,  the  gold  plate 
should  have  been  applied  over  a  crowned  and  thoroughly  dubbed  seat  followed 
by  finish  lapping  and  polishing.  However,  program  limitations  did  not 
permit  further  study. 


OBSERVATIONS 

Cycle  testing  has  shown  that  seat  degradation  is  closely  related  to  the 
peak  load  and  interfacial  motion  occurring  during  loading.  With  motions 
restricted  to  elastic  differential  deformation  resulting  from  different 
poppet  and  seat  geometries  or  elastic  moduli,  the  basic  wear  mode  was  one 
of  fretting.  Wear  particle  size  was  probably  much  less  than  1  microinch 
for  the  materials  tested  (440C,  tungsten  carbide).  Attendant  wear  rough¬ 
ness  was  of  a  pitted  nature  having  a  PTV  dimension  of  about  4  microinches. 
Leakage  change  was  commensurate  with  the  PTV  roughness  change.  With  the 
rougher  models  an  improvement  in  leakage  resulted  as  expected.  The  less 
than  one  microinch  AA  models  also  evidenced  decreased  leakage  due  to  the 
fixed  orientation  of  poppet  and  seat,  however,  reorientation  testing  re¬ 
vealed  increased  leakage. 

Fretting  was  reduced  significantly  with  flat  poppet  and  seat  lands  of  sim¬ 
ilar  dimension  and  geometry.  Elastic  deformation  of  conical  and  spherical 
configurations  caused  interfacial  slippage  and  thus  greater  fretting  wear 
than  the  flat  configuration.  The  limited  scope  of  testing  precluded  any 
numerical  correlations  which  might  allow  wear  predictions  at  other 
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conditions.  Therefore,  it  should  not  he  construed  that  conical  or  spher¬ 
ical  configurations  are  unsuitable  for  any  given  application.  This  vill 
depend  upon  loading,  concentricity,  impact  velocity,  interface  spring 
rates,  materials,  and  interface  geometry. 

The  significance  of  the  cycle  test  results  lies  in  the  positional  and  load 
control  with  which  they  were  obtained.  Few  valves  are  constructed  so  that 
repeated  interface  contacts  occur  within  the  estimated  10-microinch  varia¬ 
tion  maintained  hy  the  cycle  tester.  Also,  most  valves  do  not  impact  to 
produce  the  forces  obtained  herein.  It  is,  therefore,  reasonably  certain 
that  usual  valve  seat  degradation  and/or  wear  stems  from  gross  interfacial 
sliding  and  contamination.  Naturally,  any  plastic  deformation  due  to  edge 
contacts  would  likely  further  seat  degradation. 

Ihie  to  the  inherent  complexity  of  valve  positional  and  impact  relation¬ 
ships  and  many  allied  variables,  there  is  no  data  on  actual  valves  which 
might  indicate  a  numerical  basis  from  which  to  evaluate  the  cyclic  seating 
phenomena.  In  this  respect,  the  results  presented  herein  provide  a  datum 
from  which  performance  comparisons  may  be  made.  They  also  indicate  the 
substantial  benefits  derived  from  fixed  relationship  seating  as  might  be 
obtained  by  a  flexure -mounted  poppet. 

There  was  considerable  evidence  of  particle— caused  deformation  of  greater 
than  50-microinch  depth.  However,  the  stress-leakage  results  were  basic¬ 
ally  unaffected  by  this  relative  size  contaminant  particle.  Moreover,  as 
posttest  inspection  revealed,  heavy  impacts  appeared  to  literally  disin¬ 
tegrate  most  particles  leaving  only  slight  particle  traces  and  the  result¬ 
ant  depression  in  both  surfaces.  It  is  possible  that  the  combination  of 
high-impact  forces  and  rigid  positional  control  greatly  reduced  the  poten¬ 
tial  deteriorating  effects  of  contamination. 

It  would  appear  from  the  studies  and  results  of  this  program  that  if  the 
dynamic  elastic  deformations  of  impacted  surfaces  could  be  mathematically 
described,  such  relationships  could  be  utilized  with  known  impact  forces 
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to  obtain  a  basic  wear  criterion.  These  relationships  could  then  be  em¬ 
ployed  to  evaluate  the  material  and  lateral  motion  parameters  typical  of 
valve  seating.  Additional  studies  directed  toward  ascertaining  terminal 
wear  roughness  levels  for  various  materials  and  loading  conditions  would 
provide  a  basis  for  determining  the  resultant  leakage  variation  with 
cycles. 
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CONCLUSIONS 


Many  conclusions  have  been  reached  from  literature  study,  analyses,  and 
model  tests.  These  are  noted  throughout  the  report  in  view  of  the  evidence 
presented.  Some  conclusions  pertain  to  specific  test  data  or  a  particular 
result.  Such  data  cannot  be  generalized  without  conflicting  with  other 
found  or  anticipated  results.  On  the  other  hand,  data  supported  by  the 
literature,  analysis,  and  experimental  evidence  applicable  to  many  seating 
configurations  provide  a  firm  basis  for  generalized  conclusions  which  aid 
in  delineating  the  basic  mechanism  of  valve  seating  and  leakage.  These 
and  supporting  conclusions  are  summarized  in  the  following  paragraphs. 

Even  these  broader  conclusions,  however,  must  be  reviewed  within  the  lim¬ 
ited  scope  of  analysis  and  experiment  from  which  they  were  originated.  A 
case  in  point  is  the  general  conclusion  adhered  to  by  many  researchers 
that  metal-hearing  area  is  developed  by  plastic  asperity  flow  (Bowden  and 
Tabor  theory).  It  has  been  generally  recognized  that  under  certain  con¬ 
ditions  elasticity  contributes  significantly  to  bearing  area  under  load. 

For  hard  smooth  materials  it  has  been  conclusively  demonstrated  herein, 
that  interfacial  elasticity  is  the  predominant  mechanism  of  closure,  al¬ 
though  there  are  exceptions  which  must  be  recognized. 


LEJVKAGE 


1.  Established  gas  flow  equations  can  be  applied  to  valve  seat 

leakage  throughout  the  entire  flow  spectrum;  for  a  given  fluid 
and  equivalent  parallel  plate  closxu’e,  the  established  flow 
regimes  are  defined  asr 


a.  Nozzle: 

Q  ~ 

P^h 

b.  Turbulent  channel: 

Q  ~ 

f (P^,h,L,f ,Re,  etc.) 

c .  Laminar : 

Q  - 

(P^^-P^^)  h^/L 

d.  Transition: 

Q  ~ 

669 


e.  Molecular: 


Q  ~  (P^-Pg)  h^/L 

f.  Diffusion  laws: 

Although  the  applicable  range  for  nozzle,  turbulent  channel,  and 
laminar  flows  may  be  determined  by  established  criteria  for  a 
measurable  gap  (h) ,  the  applicability  of  theoretical  criteria  for 
high-pressure  transition  and  molecular  flow  is  uncertain  due  to 
the  very  small  gap.  However,  since  the  molecular  component  is 
theoretically  indicated  at  higher  flow  levels  than  experimentally 
determined,  it  provides  a  factor  of  safety  commensurate  with  the 
lack  of  data. 

2.  Examination  of  flow  regime  criteria  will  show  that  valve  seat 
leakage  is  usually  laminar.  This  is  basically  a  function  of  the 
sma  11  gap  (h)  relative  to  land  width  (L)  necessary  in  most  valve 
seats  for  obtaining  effective  closure.  The  near  impossibility 
of  nozzle  or  orifice  flow  may  be  seen  readily  from  Fig.  381  (l- 
inch  flow  test  model)  by  extending  the  orifice  curves  to  reason¬ 
able  leakage  levels  (i.e.  ,  below  100  scim).  For  the  case  of 

Pj^  =  100  psig,  the  orifice  land  width  could  not  exceed  about 
0.0001  inch  for  Q  =  100  scim  or  about  10  microinches  for  Q  =  10 
scim.  Other  practical  considerations  limit  the  probability  of 
attaining  pure  molecular  level  of  leakage  with  most  metal-to- 
metal  seating  configurations. 

3.  Liquid  leakage,  although  not  evaluated  herein,  has  been  demon¬ 
strated  in  the  literature  to  follow  also  a  pattern  similar  to 
the  above.  At  very  low  levels  of  leakage,  the  effects  of  surface 
tension  may  be  a  significant  leakage  limiting  factor;  however, 

no  correlative  data  is  available.  Therefore,  the  application  of 
gas-liquid  conversions  based  on  the  laminar  flow  equation  should 
provide  a  conservative  prediction  for  liquid  leakage. 

4.  Leakage  flow  comparison  experiments  with  nitrogen,  helium,  argon, 
and  hydrogen  gases  have  proved  the  correlative  accuracy  of  the 
laminar  flow  equation.  Consequently,  for  volume trically  measured 
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leakage,  viscosity  is  the  controlling  parameter.  (it  is  probable 
that  the  disagreement  obtained  in  valve  testing  with  various  gases 
is  due  to  experimental  error  and  gap  variability.) 

LEjaiAGE  FRESSUHE  PROFILE 

Experiment  and  theory  have  demonstrated  the  variation  in  effective  seat 
diameter  within  the  near-seated  region.  From  turbulent  channel  to  laminar 
flow,  the  profile  varies  so  that  the  effective  seat  diameter  changes  from 
near  midland  to  two-thirds  across  the  seat  land  width  (in  the  flow  direc¬ 
tion).  l^^lere  the  land  pressure  force  is  a  significant  part  of  the  total 
pressxire  force,  pressure  profile  variations  will  contribute  to  instability 
(buzzing)  in  pressure  sensitive  devices  because  the  transition  between  the 
flow  regimes  takes  place  normally  within  a  few  ten  thousandths  of  an  inch. 


LEjME  PjITH 

1.  The  leakage  path  created  by  two  opposed  annular  surfaces  under 

a  normal  load  is  a  function  of  the  relative  dimensions  of  various 
form  and  surface  texture  errors.  Land  crown,  out-of-flatness, 
-parallel,  or  -roundness,  and  taper  comprise  the  usual  form 
errors.  Surface  texture  errors  are  roughness,  waviness,  nodules, 
pits,  emd  scratches.  Under  light  loads  the  leakage  gap  will  be 
controlled  by  errors  causing  material  to  protrude  above  some 
average  plane.  The  partial  load  effect  of  each  of  these  errors 
will  be  submerged  in  the  total  load  in  proportion  to  their  rela¬ 
tive  size.  At  higher  loads,  the  predominant  flow  path  will  be 
through  roughness,  scratches,  and  interconnecting  pits. 

Approximation  of  these  gap  leakages  may  be  determined  by  inte¬ 
gration  of  height  variation  to  determine  equivalent  parallel 
plate  heights  (h^).  Since  the  loading  effects  of  composite  form 
errors  cannot  be  precisely  separated,  the  assessment  of  leakage 
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from  test  results  for  a  known  seat  geometry  and  surface  texture 
v/ill  allow  a  conclusion  as  to  the  probable  cause  for  a  given 
leakage  level.  This  data  should  provide  a  sound  basis  for  a 
practical  compromise  between  geometry,  surface  texture,  and  leali- 
age  requirements. 

2.  Tests  have  shown  that  scratch  lealtage  is  relatively  independent 
of  load.  Assuming  a  V— shaped  scratch  model,  the  equivalent  lam¬ 
inar  flow  parallel  plate  height  for  this  configuration  is  (O.63  h) , 
where  (h)  is  the  scratch  depth.  Evaluation  of  numerous  models 

has  shown  that  all  lapped  surfaces  have  scratches ,  and  scratch 
leaJcage  can  be  calculated,  providing  accurate  measurements  are 
made  of  depth,  width,  length,  and  quantity.  Many  surfaces  are 
remade  due  to  visible  but  insignificant  leakage  contributing 
scratches,  ^plication  of  suitable  scratch  criteria  to  engineer¬ 
ing  drawings  based  upon  the  parameters  defined  herein  will  reduce 
this  waste. 

3.  With  the  lapped  valve  seat,  the  significant  leakage  path  is  usu¬ 
ally  through  the  minute  interstices  between  contacting  roughness 
asperities.  (This  is  assuming  that  sufficient  load  exists  to 
flatten  nodules.)  Where  the  surface  roughness  lay  of  opposed 
surfaces  is  multidirectional  or  a  crossing  of  unidirectional 
scratches,  the  controlling  leakage  parameter  is  the  sum  of  the 
average  PTV  heights  for  each  surface. 

With  circular  lay  opposed  siirfaces  the  leakage  path  is  through 
the  gap  between  intersections  caused  by  lay  irregularities  and 
eccentricity.  Since  the  PTV  height  sum  (for  both  surfaces)  adds 
only  at  each  real  contact  intersection  (which  also  blocks  flow), 
the  radial  gap  is  only  one-half  of  the  PTV  sum  of  the  cross  lay 
roughness  heights  between  intersections.  Consequently,  circular 
lay  surfaces  under  just  enough  load  to  contact  the  roughness  level 
will  have  approximately  one-eighth  the  leakage  of  similarly 
loaded  unidirectional  or  multidirectional  lay  surfaces. 


PS 


672 


SURFACE  TEXTURE  DEFORMATION 


1.  Valve  seating  is  essentially  a  totally  elastic  process  of  forcing 
two  relatively  flat  surface  textures  into  intimate  contact. 
Plasticity  may  play  an  important  role  on  the  initial  few  contacts 
particularly  for  the  less  hard  metals;  however,  after  the  seat 

is  set,  very  little  plastic  flow  talces  place  on  subsequent  cycles 

With  some  valves  having  relatively  large  geometric  errors  or  very 
light  loads,  the  situation  of  complete  land  contact  may  not  be 
achieved.  Other  than  the  special  cases  presented  herein,  deform¬ 
ation  analyses  for  errors  such  as  land  taper  and  conical  poppet 
tilt  have  not  been  formulated  due  to  their  extreme  complexity. 

Seat  land  taper  which  results  in  theoretical  line  contact  at  zero 
load  is  exceedingly  difficult  to  assess  because  of  the  unknown 
contact  width  and  stress  variables.  Below  a  certain  load,  taper 
is  detrimental  to  closure  compared  with  a  full  roughness  land 
width  contact.  This  is  due  to  unavoidable  edge  roughness  and 
waviness  combined  with  the  relatively  narrow  (real)  contact  land. 
As  load  is  increased,  closure  occurs  at  a  faster  rate  than  the 
full  contact  land  due  to  increased  land  width  and  higher  contact 
stress  at  the  initially  contacted  corner.  The  potential  of  edge 
plastic  flow  and  cutting  of  the  opposed  surface  (if  overlapping) 
poses  a  danger  to  valve  configurations  having  significant  taper, 
due  to  the  possibility  of  recontacting  with  the  plastically 
raised  metal  edges  overlapping.  This  situation  is  somewhat  im¬ 
proved  with  seating  structures  that  accurately  control  the  axial 
and  radial  alignment  of  poppet  and  seat,  or  have  the  overlapping 
member  substantially  harder  (>  20  percent)  than  the  narrower 
land  part. 

2.  From  the  test  results  it  is  concluded  that  all  surface  textures 
have  a  percentage  of  identifiable  geometrical  errors  which  affect 
the  load-deformation  characteristic.  It  would  be  an  oversimpli¬ 
fication  to  assume  that  the  roughness  parameter  alone  is  the 
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significant  topographical  variable.  The  finest  surface  with  in¬ 
sufficient  load  to  flatten  a  waviness  component  would  have  exces¬ 
sive  leakage  compared  with  roughness  expectations.  Stress-leakage 
results  have  indicated  that  for  most  of  the  lapped  models  an  ap¬ 
parent  contact  stress  between  300  and  600  psi  (13  to  26  poimds) 
was  required  to  establish  leakage  equivalent  to  the  sinusoidal 
analytical  model  idealized  by  tbe  recorded  PTV  inspection  data. 
Below  this  load  level,  the  effects  of  waviness,  nodules,  and 
variable  edge  conditions  predominate  and,  except  in  specific 
measured  instances,  their  effect  on  the  stress-leakage  character¬ 
istic  is  undefined. 

3.  Roughness  deformability  is  a  function  of  the  relative  profile 
sharpness.  The  sharpness  characteristic  is  broadly  described 
by  a  PTV  average  slope  angle.  Similar  to  a  corrugated  tin  roof, 
the  sharper  the  angle,  the  more  rigid  the  structure.  Deformabil— 
ity  is  also  controlled  by  the  elastic  material  properties,  modulus, 
and  Poisson's  ratio.  It  follows  that  under  equal  loading  and 
test  conditions,  a  "rough"  surface  of  shallow  profile  could  leak 
less  than  a  "fine"  surface  having  a  sharp  or  pitted  texture. 
Naturally,  the  rougher  surface  will  leak  more  below  a  given  load 
level . 

4.  Seating  surfaces  with  nearly  concentric  circular  lay  roughness 
profiles  are  considerably  more  deformable  than  comparable  multi¬ 
directional  surfaces.  This  is  best  explained  by  the  theoretically 
fewer  real  contacts  and  circumferential  closure  hypothesized  in 

the  analytical  model  analysis  comparison  (Seating  Analysis  section). 

Increased  deformability  combined  with  a  smaller  effective  radial 
flow  gap  (1/2  PTV  sum  of  each  surface)  explains  the  observed  re¬ 
duced  leakage  with  circular  lay  svirfaces.  Moreover,  since  radial 
scratches  are  either  not  generated  or  may  be  removed,  closure 
continues  at  a  high  rate  with  increased  load  to  lower  levels  than 
much  finer  unidirectional  lay  surfaces. 
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From  comparisons  of  unidirectional  and  circular  lay  surfaces,  it 
is  concluded  that  comparable  lealcage  rates  may  be  obtained  with 
circular  lay  surfaces  having  two  times  the  roughness  of  unidirec¬ 
tional  lay  surfaces  for  apparent  stress  of  1000  psi,  and  four 
times  for  10,000  psi.  \vTiile  these  data  are  considered  conserva¬ 
tive  for  the  models  tested,  it  must  be  emphasized  tliat  the  eval¬ 
uation  is  only  on  a  roughness  basis  and  does  not  include  other 
geometric  variables. 


CONTACT  STRESS  DISTRIBUTION 

1.  Valve  seats  are  most  often  designed  so  that  one  seating  surface 
overlaps  the  other.  With  small  corner  radii,  edge-bearing  stresses 
are  much  greater  than  apparent  (stress).  This  effectively  reduces 
the  available  load  apportioned  to  the  center  of  the  land  which, 
consequently,  results  in  less  asperity  deformation  in  this  area. 

In  essence,  the  peripheral  edges  of  the  seat  may  become  the  pre¬ 
dominant  sealing  areas  with  the  land  center  acting  as  a  trough. 
Under  these  conditions  it  may  be  hypothesized  that  edge  radial 
scratches  which  do  not  bridge  the  land  can  conduct  significant 
leakage.  Furthermore,  with  sharp  edges  the  maximum  contact 
stress  is  developed  in  areas  of  minimum  geometric  regularity 
since  discontinuities  are  more  prevalent  near  machined  boundaries 
(i.e . ,  corners) . 

2.  Prom  the  previous  concliision  it  follows  that  the  crowned  and/or 
edge-dubbed  seat  land  configuration  produces  the  optimum  contact 
stress  distribution  for  closure.  This  is  evident  particularly 
where  sharp  edge  discontinuities  may  cause  plastic  deformation. 

A  more  subtle  advantage  lies  in  the  distribution  of  effective 
load  over  a  wider  land  width  in  the  central  land  area  where  the 
finish  is  likely  to  be  more  uniform.  Since  the  load  is  concen¬ 
trated  at  the  land  center,  edge  scratches  not  bridging  the  land 
may  be  neglected. 
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3.  Like  flat  surfaces,  the  spherical  contour  is  easily  obtained  by 
lapping  because  of  the  constantly  changing  path  between  the  lap¬ 
ping  parts,  which  naturally  generates  a  round  surface  at  any 
section.  Spherical  seating,  however,  involves  the  additional 
radius  parameter  which  can  result  in  serious  taper  error  if  the 
seat  and  ball  poppet  radii  are  significantly  different.  The 
radius  of  a  seat  land  cannot  be  measured  with  sufficient  accuracy 
to  determine  this  error.  Therefore,  analytical  methods  must  be 
employed  to  ensure  seating  conformity. 

VrTiere  leakage  requirements  justify  maximum  accuracy,  the  hall 
poppet  should  be  at  least  grade  5  to  obtain  a  seating  surface 
with  the  fewest  pits  and  nodules.  With  very  small  valves  or 
light-seating  loads,  a  grade  1  ball  may  be  well  worth  the  addi¬ 
tional  expense  in  time  saved  in  seat  lapping. 

It  is  possible  that  accurate  conformance  between  poppet  and  seat 
may  be  obtained  by  match  lapping  the  ball  poppet  and  seat  with  a 
suitably  fine  compound;  however,  this  technique  was  not  explored. 

4.  Unlike  flat  and  spherical  surfaces,  the  conical  geometry  is  not 
self-generating  and  must  be  obtained  through  an  external  datum 
plane  such  as  the  ways  of  a  lathe.  Moreover,  the  difficulties 
attendant  with  measuring  differential  seating  angle  (taper)  make 
this  the  least  desirable  geometry  for  most  applications.  Like 
spherical  surfaces,  accurate  conformance  may  be  obtained  possibly 
by  match  lapping;  however,  the  additional  problems  of  poppet 
ridges  and  severe  crowning  due  to  axis  wobble  must  be  considered. 

5.  All  metal  seating  surfaces  should  be  polished  following  geometric 
finishing  to  remove  what  might  be  termed  the  roughness  on  the 
roughness.  This  process,  accomplished  at  low  speed  with  a  soft 
lap  such  as  paper,  should  remove  no  more  than  10  percent  of  the 
PTV  roughness.  Polishing  produces  a  specular  surface  which  re¬ 
veals  surface  flaws  and  scratches.  It  further  reduces  the  sharp¬ 
ness  of  real  asperity  contacts  yielding  improved  deformability 
and  lower  asperity  stress.  The  result  is  less  leakage  and  longer 
life . 
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3-  Like  flat  surfaces,  the  spherical  contour  is  easily  obtained  hy 
lapping  because  of  the  constantly  changing  path  between  the  lap¬ 
ping  parts,  which  naturally  generates  a  round  surface  at  any 
section.  Spherical  seating,  however,  involves  the  additional 
radius  parameter  which  can  result  in  serious  taper  error  if  the 
seat  and  hall  poppet  radii  are  significantly  different.  The 
radius  of  a  seat  land  cannot  be  measured  with  sufficient  accuracy 
to  determine  this  error.  Therefore,  analytical  methods  must  he 
employed  to  ensure  seating  conformity. 

kTiere  leakage  requirements  justify  maximum  accuracy,  the  hall 
poppet  should  he  at  least  grade  5  to  obtain  a  seating  siirface 
with  the  fewest  pits  and  nodules.  With  very  small  valves  or 
light-seating  loads,  a  grade  1  ball  may  he  well  worth  the  addi¬ 
tional  expense  in  time  saved  in  seat  lapping. 

It  is  possible  that  accurate  conformance  between  poppet  and  seat 
may  be  obtained  by  match  lapping  the  ball  poppet  and  seat  with  a 
suitably  fine  compound;  however,  this  technique  was  not  explored. 

4.  Unlike  flat  and  spherical  surfaces,  the  conical  geometry  is  not 
self-generating  and  must  be  obtained  through  an  external  datum 
plane  such  as  the  ways  of  a  lathe.  Moreover,  the  difficulties 
attendant  with  measuring  differential  seating  angle  (taper)  make 
this  the  least  desirable  geometry  for  most  applications.  Like 
spherical  surfaces,  accurate  conformance  may  be  obtained  possibly 
by  match  lapping;  however,  the  additional  problems  of  poppet 
ridges  and  severe  crowning  due  to  axis  wobble  must  be  considered. 

5.  All  metal  seating  surfaces  should  be  polished  following  geometric 
finishing  to  remove  what  might  be  termed  the  roughness  on  the 
roughness.  This  process,  accomplished  at  low  speed  with  a  soft 
lap  such  as  paper,  should  remove  no  more  than  10  percent  of  the 
PTV  roughness.  Polishing  produces  a  specular  surface  which  re¬ 
veals  siirface  flaws  and  scratches.  It  further  reduces  the  sharp¬ 
ness  of  real  asperity  contacts  yielding  improved  def ormability 
and  lower  asperity  stress.  The  result  is  less  leakage  and  longer 
life. 
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SURFACE  INSPECTION 


1.  The  secret  to  fabricating  fine  surfaces  lies  in  the  ability  to 
measure  them.  The  interference  microscope  provides  this  capabil¬ 
ity  down  to  about  1  microinch  PTV.  'vVhen  the  controlling  param¬ 
eters  are  defined  and  can  be  observed  and  measured,  the  correla¬ 
tion  of  cause  (roughness)  and  effect  (leakage)  automatically 
points  to  the  direction  for  improvement. 

The  basic  limitation  in  microinterferometric  interpretation  of 
surface  texture  is  the  horizontal  resolving  power  of  the  ordinary 
microscope.  When  surface  discontinuities  (pits,  scratches,  etc.) 
become  too  narrow  to  follow  a  single  interference  band  into  and 
out  of  a  given  defect,  the  interference  technique  cannot  be  used 
for  accurate  depth  measurement.  With  the  Leitz  instrument  and 
Polaroid  photos  used  in  this  effort,  horizontal  resolutions  were 
made  down  to  about  20  microinches.  Unfortunately,  with  the  finer 
valve  seats  much  significant  surface  texture  lies  below  optical 
resolution.  For  these  cases  the  interference  method  may  be  used 
on  a  comparative  basis  (as  with  roughness  comparison  masters). 

Curved  surfaces  present  an  additional  variable  which  must  be  con¬ 
sidered  when  measuring  surface  texture  variables  with  the  inter¬ 
ference  microscope.  Since  interference  band  width  depends  upon 
a  relatively  small  angle  between  a  flat  reference  mirror  and  the 
viewed  object,  conical  and  spherical  surfaces  must  be  rotated  to 
examine  any  given  area.  With  conical  surfaces,  gross  geometry 
may  be  measured  along  the  cone  axis.  However,  since  spherical 
surfaces  curve  continuously,  a  similar  comparison  is  not  possible 
with  a  flat  reference  and  only  texture  variables  may  be  assessed. 

2.  With  simple  flat  surfaces,  the  optical  flat  is  most  suitable  for 
gross-geometry  measurements.  Where  very  small  or  complex  shapes 
and  combination  of  dimensions  are  involved  the  ultimate  measuring 
system  is  comprised  of  the  precision  surface  or  spindle,  electronic 


gage,  and  profile  data  recorder.  Supplemented  by  low-power 
interference  and  plain  microscope  measurements,  seating  geometry 
may  be  accurately  assessed  and  correlated  with  leakage  measurements. 


MODEL  TISTS 

1.  While  indicating  a  general  agreement  with  simplified  seating  analy¬ 
ses,  the  model  tests  have  demonstrated  the  dependence  of  leakage 
at  any  given  load  upon  the  occurrence  and  distribution  of  a  multi¬ 
plicity  of  surface  variables. 

The  majority  of  tested  flat  models  indicated  that  roughness  and 
roughness  lay  were  the  significant  load-leakage  geometric  param¬ 
eters  between  500-  and  20,000-psi  apparent  seat  stress. 

Analysis  of  these  data  has  indicated  that  a  correlation  of  the 
roughness  PTV  parameter  and  laminar  flow  equation  is  capable  of 
predicting  leakage  change  with  load  within  a  factor  of  about  two 
over  the  noted  stress  range.  This  estimate  is  based  upon  the 
two  empirical  equations  presented  in  the  Surface  Texture  Evalua¬ 
tion  section  for  l6  flat  steel  models.  Leakage  values  computed 
directly  from  roughness  measurements  should  be  within  a  factor 
of  10,  although  circular  lay  surfaces  may  have  much  lower  leakage 
than  predicted  due  to  the  conservative  slope  employed  in  correla¬ 
tion.  Combining  the  empirical  equations  for  imidirectional  lay 
roughness  (h^)  leakage  and  circular  lay  roughness  (h^)  leakage 
results  in 


Thus,  unidirectional  lay  leakage  at  light  loads  (500-  to  1000-psi 
apparent  stress,  S)  will  be  about  eight  times  that  for  an  equal 
circular  lay  surface.  At  20,000  psi  the  ratio  is  approximately 
150:1. 
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For  a  given  leakage  requirement,  surfaces  with  circular  lay  may 
be  considerably  more  rough  than  with  unidirectional  lay,  depending 
upon  the  load  as  previously  indicated. 

Evaluation  of  circular  lay  eccentricity  has  led  to  the  tentative 
conclusion  that  moderate  amounts  of  lay  eccentricity  do  not  sig¬ 
nificantly  affect  leakage.  Due  to  the  small  dimensions  involved, 
numerical  evaluation  of  this  parameter  was  not  possible.  There¬ 
fore,  the  conclusion  must  be  considered  within  the  scope  the  models 
tested. 

Because  of  the  overriding  influence  of  roughness,  no  direct  com¬ 
parison  of  the  material  parameter  could  be  made.  Where  relatively 
large  deformations  take  place  to  effect  sealing,  it  is  concluded 
that  the  more  elastic  material  will  require  less  load.  The  appar¬ 
ent  flatten  stress  equation  (based  upon  Hertz  contact)  indicates 
a  direct  relationship  between  flatten  stress  and  elastic  modulus 
(e).  In  view  of  many  other  factors,  however,  the  selection  of  a 
material  for  seating  should  probably  not  he  influenced  by  this 
parameter. 

Combined  with  circular  lay,  the  crowned  land  surface  designed  to 
develop  an  adequate  land  width  is  the  optimum  seating  configura¬ 
tion.  The  advantage  of  this  configuration  is  particularly  evi¬ 
dent  at  low  loads  where  high-contact  stresses  are  developed  to 
decrease  roughness  height.  In  some  cases,  however,  it  may  be 
determined  that  the  load  geometry  relationship  is  such  that  crown 
dimensions  cannot  be  measured  (i.e.,  less  than  1  microinch  fall- 
off)  for  the  desired  land  width.  The  effect  of  adequate  corner 
dub  then  becomes  more  critical  and  should  he  applied  keeping  the 
land  essentially  flat. 

Selection  of  flat,  conical,  and  spherical  geometry  must  be  based 
upon  specific  application  requirements.  This  is  best  accomplished 
by  a  critical  examination  of  advantages  and  disadvantages  inher¬ 
ent  in  design,  fabrication,  inspection,  and  performance. 


Conical  or  spherical  seating  has  several  basic  advantages  over 
the  flat  surface.  The  most  apparent  is  the  mechanical  load  ad¬ 
vantage  effect  which  allows  a  working  contact  stress  to  be  devel¬ 
oped  with  reduced  loads.  Since  the  land  is  developed  from  the 
intersection  of  right  angle  surfaces,  a  narrow  width  is  easily 
obtainable.  Once  seated,  the  conical  and  spherical  configura¬ 
tions  have  a  force  component  which  resists  lateral  motion  due  to 
vibration,  often  a  serious  disadvantage  in  flat  seating  since 
high-frequency  vibration  can  cause  failure  in  minutes. 

An  inherent  disadvantage  of  conical  and  spherical  geometry  is  the 
slippage  which  takes  place  during  seating.  Since  conformance  is 
measured  in  millionths  of  an  inch,  poppet  and  seat  axes  cannot 
he  installed  or  guided  with  sufficient  accuracy  to  avoid  this 
wearing  shear.  Moreover,  with  large  loads  or  small  included 
angles,  elastic  entry  of  the  poppet  into  the  seat  will  add  to  the 
wear  problem. 

Spherical  seats  have  the  advantage  of  perfect  alignment  once 
seated.  On  the  other  hand,  conical  seating  has  the  additional 
error  of  axis  tilt.  Alignment  moments  for  the  tilted  cone  are 
a  complex  function  of  the  load  application  point  and  interfacial 
friction.  Unless  the  seating  load  is  applied  below  the  seating 
line  (toward  the  apex)  and  perfectly  axial,  conical  seats  are 
probably  not  self-aligning. 

The  conical  configuration, therefore ,  must  have  generally  a  narrow 
land  and  higher  seating  loads  to  reduce  the  gap  caused  by  axis 
tilt. 

From  a.  performance  viewpoint  the  flat  configuration  is  the  natural 
choice  for  lowest  leakage  combined  with  maximijm  life.  Spherical 
seating  offers  the  load  and  lateral  retention  advantages,  but 
with  greater  wear  potential.  Conical  seating  should  probably  be 
selected  on  an  economical  basis  or  where  experience  has  indicated 
adequate  performance. 
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6.  Cycle  testing  has  shown  that  seat  degradation  is  closely  related 
to  the  peak  load  and  interfacial  motion  occurring  during  impact. 

The  basic  wear  mode  observed  was  one  of  fretting.  Where  the  land 
was  sharp,  fracture  and  plastic  flow  occurred  at  the  edge  boundary. 
By  making  flat  poppet  and  seat  opposing  surfaces  of  similar  geom¬ 
etry  and  material,  lateral  differential  deformation,  and  thus 
fretting,  was  greatly  reduced.  Edge  damage  was  eliminated  by 
land  crowning  and  duboff. 

The  poppets  cycle  tested  herein  experienced  a  25-iiiicroinch  maxi¬ 
mum  lateral  axis  motion  relative  to  the  seat.  Under  these  con¬ 
ditions  it  was  apparent  from  the  results  that  a  certain  amount 
of  impact  was  beneficial  to  seating.  This  was  attributed  to  the 
plastic  deformation  of  nodules,  high  asperities,  and  sharp  edges 
which  intermeshed  with  the  matched  opposing  topography.  The  net 
effect  was  leakage  reduction  with  cycles,  even  though  surface 
roughness  and  contaminant  induced  flaws  had  increased.  Combined 
with  previous  findings,  it  is  concluded  that  optimum  seating  is 
provided  by  the  flat  dubbed  or  crowned  configuration  restrained 
to  have  only  axial  motion  as  might  be  obtained  by  a  flexure 
mounted  poppet. 


GENERAJj 


1.  Other  than  the  gross-geometry  parameters  such  as  land  width,  seat 
diameter,  and  general  configuration,  valve  closures  are  not  de¬ 
signed  in  the  full  sense  of  the  word.  Engineering  drawings  do 
not,  for  the  most  part,  specify  the  real  controlling  parameters, 
but  only  point  the  way  toward  a  fabrication  process.  Pew  valve 
poppet  and  seat  drawings  specify  the  l/4-  to  4-microinch  AA 
finishes,  and  1-  to  50-niicroinch  flatness  (or  roundness)  necessary 
to  meet  performance  requirements.  Scratches  and  pits  are  uncon¬ 
trolled.  Consequently,  metal  valve  seats  are  being  "developed" 
to  meet  leakage  requirements. 


m- 
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The  limitations  of  present  inspection  tools,  combined  with  the 
prodigious  amount  of  detail  inspection  required,  preclude  speci¬ 
fying  exact  surface  profiles  on  engineering  drawings.  Neverthe¬ 
less  ,  in  many  instances  the  ultimate  performance  of  a  seat  is 
dependent  upon  a  fabrication  process  or  control  completely  mi- 
called  for  by  the  drawing. 

2.  To  control  the  reliability  and  performance  of  low-leakage  compo¬ 
nents,  all  geometric  parameters  should  be  dimensionally  specified 
to  the  level  dictated  by  performance.  Where  such  controls  exceed 
measurement  capabilities,  or  would  be  uneconomical  to  dimension- 
ally  prove,  either  the  final  or  a  comparative  leakage  test  should 
be  allowed  in  lieu  of  these  controls.  As  shown  herein,  the  leak 
test  is  cubically  more  sensitive  to  seating  gap  than  are  direct 
measurements.  Therefore,  with  some  dimensions  measured  to  ensure 
basic  geometry,  the  more  difficult  assessments  as  embodied  in 
surface  texture  may  be  indirectly  measured  as  a  composite  group. 
With  the  information  provided,  comparative  tests  may  be  established 
under  a  variety  of  conditions  to  ensure  function  in  the  final 
assembly.  The  most  important  aspect  in  defining  such  tests,  would 
be  to  ensure  loading  and  geometric  similarity  with  the  final 
assembly. 


RECOMMENDATIONS  FOR  FUTURE  EFFORT 


Correlation  of  defined  surface  textures  and  geometrical  errors  with  load 
and  leakage  has  provided  the  data  for  a  more  systematic  approach  to  valve 
seating  design.  The  mechanism  of  metal-to-metal  closure  has  been  estab¬ 
lished  over  a  working  range  of  valve  seats  which  extend  from  comparatively 
poor  geometry  to  very  low-leakage  configurations.  Due  to  the  extreme  com¬ 
plexity  of  real  surfaces,  exact  mathematical  descriptions  are  not  possible. 
Consequently,  analytical  prediction  of  the  load-leakage  characteristic  is 
limited  to  order  of  magnitude  estimates.  This  is  inherent  in  the  cubical 
relationship  between  gap  and  leakage;  i.e.,  Q  a  (h-6)^.  The  role,  there¬ 
fore,  of  the  analytical  approach  is  to  assist  in  defining  the  relative 
importance  of  the  various  geometric  variables  under  a  specific  set  of  con¬ 
ditions.  In  this  respect,  the  analyses  and  techniques  described  herein 
will  assist  the  designer  in  establishing  requirements  with  a  greater 
assurance  of  success  than  previously  possible. 

As  with  most  research  efforts,  the  information  obtained  has  furnished  guide 
lines  for  the  acquisition  of  much  more  data.  Heretofore  unimagined  con¬ 
cepts  and  approaches  to  basic  problems  have  been  uncovered.  Both  the  suc¬ 
cesses  and  failures  documented  in  this  report  point  the  direction  toward 
additional  effort  in  solution  of  these  problems  which  will  enhance  the 
capabilities  of  designers  while  contributing  toward  an  "advanced  art" 

(i.e.,  more  science  and  less  art).  This  effort  is  described  in  the  fol¬ 
lowing  paragraphs. 

LEAKAGE  MEASUREMENT 

Leakage  measurement  has  always  proved  difficult  and  susceptible  to  large 

systematic  errors.  Methods  of  gas  leakage  measurement  should  he  defined 

-8  . 

and  correlated  over  the  range  from  100—  to  10  -scim,  imder  conditions 
which  thoroughly  define  the  transition  between  laminar  and  molecular  flow 
for  various  leak  paths.  Analyses  should  be  made  which  indicate  probable 
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measurement  errors  as  a  function  of  time,  pressure,  temperature,  and  other 
system  variables.  These  analyses  should  be  employed  in  comparison  of  the 
various  methods  for  ease  of  measurement,  reliability,  accuracy,  and 
precision. 


CONTAMINATION 

While  a  great  deal  is  known  about  the  more  gross  and  obvious  sources  and 
characteristics  of  contaminant  matter,  very  little  data  is  available  rela¬ 
tive  to  its  specific  effect  on  valve  seating.  Moreover,  the  quantitative 
potential  of  contaminant  sources  is  largely  unknown.  A  basis  research 
program  is  recommended  to  (l)  define  the  sources,  quantity,  and  sizes  of 
contaminants  and  correlate  this  data  with  an  analytical  approach  for  its 
prediction,  and  (2)  evaluate  the  effects  of  specific  contaminants  on  valve 
closures.  One  approach  to  the  latter  is  illustrated  by  the  results  ob¬ 
tained  with  Test  Model  L.  An  extension  of  this  technique  to  a  variety  of 
contaminant  materials  and  sizes  would  provide  valuable  data  for  establish¬ 
ing  necessary  seat  loads  and  filtration  requirements.  Since  contaminant 
load-envelopment  evaluation  is  by  nature  a  specifically  defined  test  con¬ 
dition,  each  evaluation  would  he  valuable. 

Supplementing  this  effort,  an  analytical  approach  to  load-deformation 
characteristics  of  single  particles  (both  hard  and  soft)  is  recommended 
to  allow  extrapolation  of  contaminant  effects  into  sizes  and  loads  which 
cannot  be  practically  measured. 


V<' 


SEATING  ANALYSES 

The  contact  stress  distribution  analysis  of  a  dubbed  seat  has  provided  a 

basic  approach  to  analysis  of  other  similar  configurations.  Equations  ^ 

are  needed  to  define  the  allowable  limits  of  gross-geometry  errors.  While 

these  problems  are  difficult  to  solve,  solutions  are  feasible.  Three  areas  ^ 

of  endeavor  are  recommended: 

1.  Flat  land  seat  having  small  corner  radii  and  poppet  overlapping 

U 
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2.  Tapered  flat  seat  land  with  poppet  overlapping  and  with  poppet 
identical  to  seat 

3.  Conical  (or  spherical)  seat  land  with  poppet  overlapping,  with 
and  without  friction 

Parameterization  of  existing  and  any  future  analytical  results  should  be 
performed  covering  a  suitable  range  of  data.  This  would  be  accomplished 
using  a  digital  computer  with  tabulated  and  CHT  output. 


FJfflRIC^ION  INVESTIGATION 

The  significant  advancements  achieved  in  surface  fabrication  are  attributed 
directly  to  the  correlation  of  method,  inspection  data,  and  test  results. 

It  is  expected  that  much  more  can  be  achieved  in  the  same  manner.  Areas 
recommended  for  investigation  are  noted  below. 

1.  The  question  of  optical  finishing  an  extremely  fine  multidirec¬ 
tional  textiire  vs  circular  lay  for  optimum  sealing  is  pertinent 
and  should  be  explored. 

2.  Basic  lapping  experiments  on  hard  and  soft  laps  would  provide 
valuable  data  for  meeting  future  requirements. 

3.  Conformal  geometries,  such  as  conical  and  spherical,  may  best  be 
final  finished  by  match  lapping.  Due  to  the  problems  associated 
with  this  technique,  it  is  generally  avoided  in  the  industry. 

4.  Plastics  occupy  a  prominent  position  in  aerospace  valving.  How¬ 
ever,  inspection  of  geometry  is  difficult,  and  surface  texture 
evaluation  is  not  possible  using  stylus  methods.  It  is  likely 
that  the  inspection  methods  evolved  herein  for  metals  may  be 
successfully  applied  to  machined  and  lapped  plastic  surfaces. 
Surface  finish  may  be  assessed  by  interferometry  through  direct 
viewing  or  after  vapor  deposition  of  a  reflective  metal.  It  is 
recommended  that  this  subject  be  explored,  as  proper  finishing 
and  control  of  plastics  will  usually  provide  more  effective  seal¬ 
ing  than  metal  surfaces. 
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STATIC  STRESS-UlAEAfiE  EVALUATION 


Many  areas  have  yet  to  be  defined  in  relating  seating  geometry  with  load 
and  leakage.  A  more  precise  separation  of  geometric  variables  is  required 
to  define  experimentally  the  load  parameter  compared  with  apparent  stress. 

To  supplement  the  existing  stress-leakage  data  for  the  flat  l/2-inch  OD, 
0.03-inch  land  models,  a  low-load  evaluation  of  models  one-tenth  the  size 
of  the  l/2-inch  models  is  recommended.  The  two  additional  parameters  of 
land  width  and  land  standoff  height  should  be  investigated.  These  param¬ 
eters  could  be  evaliiated  on  single  models  by  removal  of  adjacent  material 
without  disturbing  the  original  surface  texture.  Thus,  the  submergence 
of  these  parameters  by  roughness  variations  between  models  would  be  avoided. 

Additional  static  testing  of  l/2-inch  OD  models  is  recommended  to  evaluate 
(l)  optically  finished  surfaces,  (2)  matched  lapped  conical  and  spherical 
siirfaces  (including  balls),  (3)  optimum  hand-lapped  model,  (4)  land  width 
and  standoff  height  (as  with  one-tenth  size  model),  and  (5)  plastic  seat 
forming  with  hard  poppet. 

PARAMETRIC  STUDY  OF  GEOMETRIC  SEATING  ERRORS 


Attempts  to  evaluate  the  effect  of  gross  geometric  errors  were  largely 
unseccessful.  This  was  due  primarily  to  the  inability  to  accurately  con¬ 
trol  surface  texture  variation  between  models.  The  one  and  two  band  out- 
of-flat  errors  of  Models  H  and  I  were  completely  submerged  because  of 
roughness  variations.  Out -of -roundness  effects  on  spherical  models  were 
submerged  by  poppet  nodules.  The  tilted  cone  evaluation  was  complicated 
by  the  out-of-roimdness  evident  on  both  poppet  and  seat. 

With  many  valve  seating  applications,  gross-geometry  errors  cause  the  leak¬ 
age  gap.  To  ascertain  the  effects  of  these  variables  they  must  be  sepa¬ 
rated  so  that  only  one  parameter  is  significant.  This  could  be  accomplished 
by  fabricating  near  geometrically  perfect  surfaces  for  establishing  a 
datum  reference.  Variable  geometric  errors  for  a  given  siirface  roughness 
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could  then  be  evaluated  by  elastic  deformation  of  a  single  seating  surface 
through  application  of  internal  strain.  This  may  be  achieved  by  applica¬ 
tion  of  a  variyable  load  with  screws  or  clamps  remote  from  the  seating  sur¬ 
face.  By  this  method,  parametric  data  covering  a  wide  range  of  conditions 
could  be  gathered  using  the  unstrained  condition  to  ensure  repeatability 
precision. 

It  is  recommended  that  the  out-of-flat,  out-of-round  and  taper  conditions 
be  evaluated  for  flat,  conical,  and  spherical  models.  The  positional 
errors  of  tilted  cone  and  out-of-parallel  flat  should  also  be  examined. 


SEALING  EFFICACY  OF  HARD  METALS,  CERAMICS, 

AND  CERMETS 

Little  is  known  relative  to  the  fabricability  and  sealing  characteristics 
of  the  many  hard  metals,  ceramics,  and  cermets  used  in  seating.  This  is 
due  largely  to  the  unkown  surface  textiire  parameters  controlling  leakage. 
These  materials  should  be  comparatively  evaluated  for  their  textural  char¬ 
acteristics  by  interference  and  profile  inspection,  and  stress-leakage 
testing.  The  tungsten  carbide  model  evaluated  herein  clearly  did  not  have 
the  sealing  capability  of  comparable  440C  surfaces.  This  was  due  to  a 
significant  pit  density.  The  following  materials  are  recommended  for 
evaluation: 

1.  440C  (Control) 

2.  17-4  FE 

3.  Stellite 

4.  Tungsten  carbide  (several  grades  from  several  manufacturers) 

5.  Tungsten-titanium  carbide 

6.  Chrome  carbide 

7.  Silicone  carbide  (KT) 

8.  Boron  carbide 
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9.  Sapphire  (single  crystal) 
10.  Alumina  ceramic 


CYCLE  TESTING 

Cyclic  impact  results  in  an  interaction  of  many  complex  phenomena,  fev  of 
vhich  are  very  veil  understood.  A  great  deal  of  careful  experimentation 
is  obviously  required  to  provide  the  basic  understanding  necessary  for  a 
definition  of  the  significant  variables.  An  evaliiation  of  several  typical 
valves  under  controlled  conditions  is  recommended  to  ansver  some  of  the 
basic  questions.  Certainly,  the  interaction  of  contamination  is  signifi¬ 
cant  in  valve  failures  as  is  vibration  and  sliding  under  impact.  By  em¬ 
ploying  test  valves  of  suitable  simplicity  for  separation  and  evaluation 
of  individual  variables,  standard  valve  models  could  be  developed  from 
vhich  to  explore  materials,  coatings,  platings,  seating  errors,  etc.,  over 
a  range  of  environmental  conditions.  As  a  further  control,  the  cycle 
tester  or  a  flexure  device  vould  provide  a  datum  for  eva,luation  of  the 
maximum  performance  capabilities  of  any  one  variable. 
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APPENDIX  A 


CYCLE  TESTER  DIGITAL  COMPUTER  PROGRAM  AND  DATA 


This  appendix  contains  a  listing  of  the  cycle  tester  digital  computer  pro¬ 
gram.  Sanqjle  input  and  output  tabulated  data  follow  the  listing  for  a 
1.87-in. /sec  impact  velocity  condition.  See  Fig.  52  and  53  for  corres¬ 
ponding  CRT  plots. 


A-1 


VALVE  SEAT  DYNAMIC  LOADING 


VALVE  StAI  DYNAMIC  LOADING 


TEST  FIXTURE  IN  HORIZONTAL  POSITION 

TEST  FIXTURE  BODY  CLAMPED  TO  RIGID  BASE 

BODY  CLAMP  HAS  FLE X  I B I L I T Y , DAMP  I NG  AND  FRICTION 

DASHPOT  FLUID  HAS  COMPRESSIBILITY  AND  INTERNAL  DAMPING 

SEAT  LOAD  CELL  INSTALLED  WITH  PRELOAD 


♦♦♦♦♦NOMENCLATURE***** 

ADASH=DASHPOT  PISTON  CROSS-SECTIONAL  AREA  (IN.  SQUAREOl 
AOl, AQ2, AQ3=OR  IF  ICE  EFFECTIVE  FLOW  AREAS  (IN.  SQUARED) 

AP=PISTCN  CROSS-SECTIONAL  AREA  (IN.  SQUARED) 
Cl.C2,C3,C4,C5=CONSTANTS  FOR  PNEUMATIC  FLOW  COMPUTATIONS 
C0UNT=NUM8ER  OF  ITERATIONS  FOLLOWING  A  DATA  PRINTOUT 
CaO=LASHPOT  ORIFICE  FLOW  COEFFICIENT 

CHT=SUBR0UTINE  FOR  CATHODE  RAY  TUBE  DISPLAY  OF  OUTPUT  DATA 
CV=PNEUMATIC  ORIFICE  FLOW  COEFFICIENT 

UAMP1,DAMP2,DAMP3  =  VI SCOUS  DAMPING  COEFFICIENTS  ( L B. -S EC . / I  N  .  ) 
DB=iNITIAL  AXIAL  DISTANCE  FROM  POPPET  TO  SEAT  (INCHES) 
DNEGB=VISCOUS  DAMPING  COEFFICIENT  OF  BODY  CLAMP  IN  -XB  DIRECTION 
CUltDU2,D03=0RIFICE  DIAMETERS  (INCHES) 

D04=VALVE  SEAT  DIAMETER  (INCHES) 
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VALVE  SEAT  DYNAMIC  LOADING 


KATES 


NO, 
NO  , 


C  DPOSb=VlSCQUS  DAMPING  COEFFICIENT  OF  BODY  CLAMP 

C  UXYl ,DXY2=CkT  grid  INCREMENTS  FOR  THE  ABSCISSAE 

C  OYYl,DYY2=CKT  GRID  INCREMENTS  FOR  THE  ORDINATES 

C  FI, F2,F3,FB=SPRING  FORCES  ILB.) 

C  F3Q=SEAT  LOAD  CELL  PRELOAD  ILB.I 

C  FDASH=OAShPOT  force  (LB.) 

c  ffb^body  clamp  friction  force  ILB.) 

c  finis=programmed  end  time  for  a  computer  run  ISEC.) 

C  FL1P=PR0GRAMMEU  time  for  UEACTUATING  piston  ISEC.) 

C  FLOR=SUflKUUTINE  FOR  COMPUTING  PNEUMATIC  WEIGHT  FLOW 

c  fk=fr2-fri=body  Clamping  force  ilb.) 

c  g=gravitaiional  constant  i in. /sec. /sec.) 

C  URDYl ,0RDYL9=MIN.  AND  MAX.  ORDINATES  FOR  CRT  FRAME 

C  QRDY2,0R0Y29=MIN.  AND  MAX,  ORDINATES  FOR  CRT  FRAME 

C  PA=AMBIENT  PRESSURE  (PSIA.) 

C  PC=CYLINDER  PRESSURE  (PSIA.) 

C  PCOOT,PDUUT=RATE  OF  CHANGE  OF  PRESSURE  (PSI./SEC.) 

C  PD=PRESSURE  CONTROLLED  BY  VALVE  POSITION  (PSIA.) 

C  PU=OASHPOT  PISTON  DIFFERENTIAL  PRESSURE  (PSI.) 

C  PKINT=PROGRAMMED  TIME  FOR  START  OF  TABULATED  DATA 

C  PS=SUPPLY  PRESSURE  FOR  PISTON  (PSIA.) 

C  PSl=SLPPLy  PRESSURE  FOR  VALVE  (PSIA.) 

C  gFLO=VULUMETRIC  FLOW  THROUGH  DASHPOT  ORIFICE  (IN. 

C  k=SPECIFIC  GAS  CONSTANT  (IN. /DEGREE  RANKINE) 

C  RESET  =  St«ITCHING  FUNCTION  FOR  CHANGE  IN  ITERATION  TIME 

C  KHO=SPECiFIC  WEIGHT  OF  DASHPOT  FLUID  (LB. /IN.  CUBED) 

C  ST0P=PRUGRAMMED  time  for  END  OF  TABULATED  DATA  PRINTOUT 

C  TAPEl ,TAPE2=COMPUTER  TAPE  NUMBERS  ASSIGNED  FOR 

C  T=TIME  INCREMENT  PER  ITERATION  (SEC.) 

C  TEMP=GAS  TEMPERATURE  (DEGREES  RANKINE) 

C  TIMe=KEAL  TIME  (SEC.) 

C  VC=CYLINUER  VOLUME  (IN.  CUBED) 

C  VCO=CYL,  VOL.  WHEN  X1=0.  (IN.  CUBED) 

C  VD=VOLUME  BETWEEN  A03  AND  VALVE  FLOW  AREA  (IN. 

C  W1,W2,W3,WB=WEIGHTS  OF  PARTS  (LB.) 

C  wDOTl,WUOT2,£TC.=WEIGHT  FLOW  KATES  (LB./SEC.) 

C  XO=Xl=DASHPOT  PISTON  DISPLACEMENT  (IN.) 

C  Xl=PISTDN  DISPLACEMENT  (IN.) 

C  XIUOT,X2DOT,X3DOT=VELOCITIES  (IN. /SEC.) 


IN  +XB  DIRECTION 
(SEC.  ) 

(LB.  AND  IN.) 


GRID 

GRID 


(LB 
(  IN 


PRINTOUT  ISEC.) 


CUBEO/SEC. ) 


INTERVAL 


CRT  DATA 


(SEC.  ) 
STORAGE 


CUBED) 
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00003020 
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VALVE  SEAT  DYNAMIC  LUADING 
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XlDDaT,X2DDDT,X3DDUT= ACCELERATIONS  I  I N. / S EC . / S EC . J 
X1RB=X1  RELATIVE  TO  Xb  (IN.) 

X2=PtJPPET  DISPLACEMENT  (IN.) 

X2kl=X2  RELATIVE  TO  XI  (IN.) 

X2KB^X2  RELATIVE  TO  XB  (IN.) 

X3^VALVE  SEAT  SURFACE  DISPLACEMENT  (IN.) 

X3RB=X3  RELATIVE  TO  XB  (IN.) 

XB=TEST  FIXTURE  BUOY  DISPLACEMENT  (IN.) 

XOQT2B=POPPET  VELOCITY  RELATIVE  TO  BODY  (IN. /SEC.) 
XIMBED=SEAT  CONTACT  COMPRESSION  (IN.) 

XR=RATIU  UF  GAS  SPECIFIC  HEATS 

XLIM=NUMBER  OF  ITERATIONS  BETWEEN  DATA  PRINTOUTS 
XMASSl, XMASS2 , XMASS3=MASSES  UF  PARTS  (LB. -SEC.  SQUARED/IN.) 
XTIME=REAL  TIME  FROM  RESET  OF  TIME  INCREMENT  TO  END  OF  RUN  I 
YUASH=DASHPUT  EUUlVALENT  SPRING  RATE  (LB. /IN.) 

YR^BCDY  clamp  combined  SPRING  RA T E= YR NEG + YRPOS  (LB. /IN.) 
YRNEG^BODY  CLAMP  SPRING  RATE  IN  -XB  DIRECTION  (LB. /IN.) 

YRPOS  =  BUDY  CLAMP  SPRING  RATE  IN  «-XB  DIRECTION  (LB. /IN.) 

YSl» YS2,YS3f YSS=SPRING  RATES  (LB. /IN.) 

COMMON  Cl ,C2,C3,C4,C5 ,RCR ,SCR  fOB 

COMMON  ORDYl ,QRDY19,DYY1,URDY2 ,GKDY29 ,DYY2  f DXYl , DXY2 

DIMENSION  X( 100) fYl(100,4),Y2(100,2) 

DIMENSicN  AKKAYJ360) 

READ  INPUT  DATA  FROM  DATA  CARDS 

READ  INPUT  TAPE  5 t 10, XK ,R , TEMP , DOl ,DU2 ,FLI P 

READ  INPUT  TAPE  5 , 10 , W 1 , W2 , W3 , YS 1 , Y S2 , Y S3 , DB , T , PR  I  NT , S TOP , F I 
READ  INPUT  TAPE  B , 1 0 , DAMP 1 , DAMP2 , D AMP3 , DAMPU , YD ASH , Y S B 
HEAD  INPUT  tape  3 , 10 , dNEGB , DPOSB , YRNEG , YR POS , WB , FF B 
READ  INPUT  TAPE  5 , 10 , 003 , 004 , P S , P S 1 , F 30, F BO 
READ  INPUT  TAPE  5 , 1 0 , RHU, C 00 , DUD , AO ASH, XT  I  ME 

read  input  data  to  DEFINE  CATHODE  RAY  TUBE  DISPLAY  GRID 
read  input  tape  5,10,0RDY1 ,0RDY19,DYYl,0RDY2,aR0Y29,DYY2,DXY 

LISTING  UF  FORMAT  STATEMENTS 


00003220 
00003240 
00003260 
00003280 
00003300 
00003320 
00003340 
00003360 
00003370 
00003380 
00003400 
00003420 
00003440 
SEC.)  00003450 
00003460 
00003480 
00003500 
00003520 
00003540 
00007600 
00007700 
00007800 
00007310 
00007850 
00007900 
00007950 
00008000 
00008050 
00008100 
NIS  00008200 
00008300 
00008400 
00008500 
00003600 
00008700 
00003710 
1, 0Xy200008715 
00008720 
00008750 


lift 
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I  1  I 
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>■ 

I 

VJI 


10  FURMATtfcEl2.5J  00008800 

19  POKMATtlHl  30H  ♦♦♦♦♦♦INPUT  DAI ^******/ / )  00008900 

20  FORMAT! i5X2HWl  15X2HW2  15X2HW3  14X3HYS1  14X3HYS2  14X 3HYS 3/ 6F 1 7 . 3/ /00009000 

il5X2HDB  16X1HT  12X5HPRINT  i3X4HST0P  1 2X5HF  INI S/ 5F 17. 6// )  00009100 

22  FORMAT! /13X2HXK  16X1HR  13X4MTEMP  14X3HD01  14X3HD02  1 3X 4HFL I P/ 6F 1 7. 00009 200 
15//)  00009300 

25  FORMAT! 12X5H0AMP1  12X5HOAMP2  12X5HDAMP3  12X5HDAMPD  12X5HYDASH  14X300009400 
1HYSB/6F17.2//)  00009500 

29  fORMAT!14X3HYS8  1 5 X2 HRB/2 F 1 7. 2// )  00009600 

35  FORMATIlHl  3X4HTIME  6X2HPC  6X2HPD  8X4HX1RB  8X4HX2R1  6X6HXIM6ED  8X400009700 
1HX3RB  10X2HXB  6X2HF1  6X2HF2  6X2HF3  1X5HX2DOT  1X5HX3DOT)  00009800 

37  FORMAT! 14X3HU03  14X3H004  15X2HPS  i4X3HPSl  14X3HF30  14X3HFB0/6F 17. 300009900 
1//)  00009950 

40  FORMAT!F8.6,2F8.2,5F12.8,3F8,2,2F6.3)  00010000 

43  FORMAT! 12X5H0NEGB  12X5H0P0SB  12X5HYRNEG  12X5HYRP0S  15X2HWB  14X3HFF00010100 
16/6F17.2//)  00010200 

A5  FORMAT!  14X3HRH0  14X3HC0D  14X3HDL)D  12X5HA0ASH  12  X5HXT I  ME/ 5F  17 . 4// )  00010210 
47  FORMAT! 12X5HORDY1  11X6H0RDY19  13X4HDYY1  12X5HOROY2  11X6H0RDY29  13X00010220 
14HDYY2/6F17.3//13X4H0XY1  13 X4HDX Y2/ 2F 17. 4/ / )  00010225 

65  FORMAT! IHl  4X4HTIME  6X2HPC  6X2HP0  6X2HPg  8X4HX1RB  8X4HX2R1  6 X6HX I MOOO 10300 

IBED  8X4HX3RB  10X2HXB//!  00010310 

2F9.6,3F8. 2,5F12.8) )  00010312 

66  F0RMAT!F9.6,5F8.2,5F8.3)  00010315 

67  FURMAT!1H1  4X4HTIME  3X5HFDASH  6X2HF1  6X2HF2  6X2HF3  6X2HFR  3X5HX 1 OGOOO 1 03 1 7 


IT  3X5HX20UT  3X5HX3DGT  3X5HXBDOT  2 X6HXD0T 2 B// ) 


PRINT  INPUT  DATA  TABULATION 
WRITE  OUTPUT  TAPE  6,19 
WRITE  OUTPUT  TAPE 
WRITE  OUTPUT  TAPE 
WRITE  OUTPUT  TAPE 
WRITE  OUTPUT  TAPE 
WRITE  OUTPUT  TAPE 
WRITE  OUTPUT  TAPE 
WRITE  OUTPUT  TAPE 
1Y2 


SET  INITIAL 
TIME=0. 


6,22,XK,R,TEMP,001 ,002,FLIP 

6,20,  Wi ,W2,W3,YS1 ,YS2,Y S3, OB, T .PRINT, STOP,FINIS 
6,25,DAMP1,DAMP2, DAMP3 ,OAMPD, YOASH, YSB 
6,43,DNEGB,DP0SB, YRNEG, YRPQS,WB,FFB 
6,37,U03,Da4,PS,PSl ,F3O,F0O 
6,45,RHO,COL,DOO, ADASH,XTIME 

6, 47, OK DY 1, ORD Y 1 9, 0 YYl ,0RDY2, ORDY29,DYY2, OX Y 1,0X00011020 

00011025 

00011100 

CONDITIONS  FOR  PROGRAM  VARIABLES  00011200 

00011300 


00010318 

00010400 

00010450 

00010500 

00010600 

00010700 

00010800 

00010900 

00011000 

00011010 


A-6 
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EDASH=Q, 

00011350 

EA=1A.7 

00011400 

Pw=l. 

00011410 

PQDGT=0. 

00011420 

PI=3. 1^15927 

00011500 

PI4=PI/4. 

00011600 

CV=.67 

00011700 

xo=o. 

00011750 

X1=CI. 

00011800 

X1D0T=0. 

00011900 

X1DQT1=0. 

00012000 

X1DG0T=0. 

00012100 

XP  =  0. 

00012200 

XPD0T=0. 

00012300 

XPD0T1=0, 

00012400 

XPU0OT=0. 

00012500 

RESET=0. 

00012600 

X0EL=.O005 

00012700 

X2=0. 

00012800 

X200T=0. 

00012900 

X200T1=0. 

00013000 

X2DOOT=0. 

00013100 

xa=o. 

00013200 

XbDOT=0. 

00013300 

xaooT 1=0. 

00013400 

xaDOOT=0. 

00013500 

X3=0. 

00013600 

X3DOT=0. 

00013700 

X3D0T1=0. 

00013800 

X3DDOT=0, 

00013900 

K00T1=0. 

00014000 

h00T2=Q. 

00014100 

WDaT3=0. 

00014200 

WD0T4=0. 

00014300 

QFLCJ=0. 

00014330 

UELUI=0. 

00014335 

PC=PA 

00014400 

PCUOT=0. 

00014500 

PDDQT=0. 

00014600 

fill 
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FBO=FBO-YSB«DB 

0001A800 

FD=FbO 

0001A900 

FZ=0. 

00015000 

AP=1.687 

00015200 

AD=Pi A^DOA^^Z 

00015300 

AQl=CV*PIA*DOL**2 

00015400 

A0Z=CV*PIA*0O2*«2 

00015500 

A03=CV*PI A*D03**2 

00015600 

AOD=PIA*OOD**2 

00015650 

ACCtLl=D. 

00015700 

ACCfcL2=0- 

00015800 

ACCEL3=0. 

00015900 

ACCELB=0. 

00016000 

VD=1. 

00016100 

VCO=1.39+1.58AD0 

00016200 

VC=VCO 

00016300 

AV=CV*PI«OOA*I DB+X3-X2) 

00016400 

AFLIP=0. 

00016500 

PO^PA 

00016600 

TF1N1S=FINIS-T 

00016700 

FlO=0. 

00016800 

FL=F10 

00016850 

F3=F30 

00016900 

FR=0. 

00017000 

YSK=YRNEG+YKPUS 

00017100 

DAMPB=DNEGa+0P0S6 

00017200 

X1RB=MAX1FJX1-XB,0.) 

00017210 

X2RB=X2-XB 

00017215 

X2K1=X2-X1 

00017220 

XIMBE0=X2-DB-X3 

00017230 

XIMBED=MAXlF(XIMbEDtO.  I 

00017240 

X3Kb=MAXlF( X3-X8f 0.  J 

00017250 

00017300 

COMPOTE  PROGRAM  CONSTANTS 

00017400 

G=366. 

00017500 

Cl=2.*G/12.*XK/( XK-1.  I 

00017600 

C2=2./XK 

00017700 

C3=I XK+1. I/XK 

00017800 

CA=SURTF(R/12.*TEMP) 

00017900 

ri<~.  no.  ooo  on 
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C5=XK 

00018000 

RCK=(2./( XK+1. 1  )**(XK/I XK-l.I  ) 

00018100 

SCK^SUKTKG/  12  .  *XK«I  2  .  /  (  XK»  1.  1  I  XK*1.  )/(  XK-1.  )  )  ) 

00018200 

RT=k*T£MP 

00018300 

C5RT=C5*KT 

00018400 

T2=T/2. 

00018500 

T22=T**2/2. 

00018600 

XMASSl=iyi/G 

00019000 

XMASS2=W2/G 

00019100 

XMASS3=w3/& 

00019200 

XMASSb=WB/G 

00019300 

XMASSP=( Wl+W2> /G 

00019400 

00019500 

SET  INITIAL  CONDITIONS  FUR  CRT  AND  PRINTOUT  ROUTINES 

00019600 

jgu=io. 

00019650 

NN=0 

00019700 

l-O 

00019800 

IK-0 

00019850 

XN  =  0 

00019900 

M=1 

00020000 

TMIN=TIME 

00020100 

TMIN1=0. 

00020150 

TAPE1=8. 

00020200 

TAPE2=9. 

00020300 

I T1=TAPE1 

00020400 

IT2=TAP£2 

00020500 

REWIND  ITl 

00020600 

REWIND  IT2 

00020700 

XLIM=LO. 

00020800 

STUP=HIN1FI STUP,F INI S-3.*T) 

00020850 

COUNTED. 

00020900 

WRITE  OUTPUT  TAPE  6,67 

00021200 

00021310 

00021330 

00021340 

ITERATIVE  CUMPUTATIGN  LUOP 

00021370 

00021375 

00021400 

COMPUTE  GAS  FLOW  RATES 

00021500 

fi  II  fi  ri  ri  fi 
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100 


111 

211 


C 

C 


WD0Tl=FL0n( PStPC.AOl) 
hiDUT2=FLOW(PC,PA,  AFLIP) 
wD0T3=FLLiW<  PS1,PU,AQ3) 
fciD0T4=FLOM(P0f PA, AVI 


CUMPOTE  PNEUMATIC 

C5RTC=C5RT/VC 

C5KTD=C5RT/VD 


PRESSURIZING  COEFFICIENTS 


COMPUTE  RATES  OF  CHANGE  OF  PRESSURES 
PCU0T=C5RTC*I WDaTl-WD0T2-PC*AP*XlU0T/RT) 
PUD0T=C5RTD*( WD0T3-W00T4) 

COMPOTE  PRESSURES 

PC=PC+PCDOT*T 

PU=PD+PDDIjT*T 

PC  =  M1N1FIMAX1FIPC,0*)  ,PS) 

PD=MIN1F( MAXIF IPD,PA) ,PS1 ) 

COMPOTE  COMBINED  PISTON  AND  POPPET  ACCELERATION, 
VELOCITY  AND  DISPLACEMENT 
I F(RESET-0*9)1 11,212,212 
IF (X2R8-Da+XOEL) 2 11,212,212 

XPDOOT=( ( PC-PA)*AP-FDASH-F8-(PD-PA)*AD-DAMPD*IXPD0T 
XP00T=MAX1FI XPDOT1+XPDDOT*T,0* ) 

XP=MAX1F( XP+XPDOTl*T+XPODOT*T22,XB) 

X1=XP 

X2=XP 

X1D0T=XPD0T 

X2DOT=XPOOT 

X1DD0T=XPDD0T 

X2DD0T=XPDD0T 

X3=XB 

X3U0T=XBD0T 

X3DDOT=XBDDOT 

COMPUTE  DASHPOT  FLOR,  PRESSURE  AND  FORCE 

WFL0=C0D*A0D=«‘SQRTF(2**G*Pg/RH0) 

pqdot=ycash/aoash*ixidot-xboot-qflo/adashi 


00021600 
00021700 
00021800 
00021900 
00022000 
00022050 
00022100 
00022200 
00022300 
00022400 
00022500 
00022600 
00022700 
00022800 
00022900 
00023000 
00023100 
00023200 
00023250 
00023260 
00023270 
00023300 
00023400 
■XBDOTI )/XMASSP00023500 
00023700 
00023800 
00023900 
00024000 
00024100 
00024200 
00024300 
00024400 
00024410 
00024415 
00024420 
00024455 
00024460 
00024466 
00024469 


non 


VALVE  SEAT  QYIVAMIC  LOADING 


PW=NAX1F(  1.  ,  PQ*-PWDOT#T  ) 

FOASH=Pg*AOASH 

GO  TO  215 

212  KESET=RESET*1. 

IFIRESET- 1.1 1213,213,214 

213  T=.GC0U0Ol 
T2=T/2. 

T22=T*«2/2. 

XL£M=lO0. 

TMIN1=TIME 
FINIS=TIM£+XTIME 
ST0P=MIN1F( STOP, F INI S-3.«TJ 
TFINI  S=FINIS-3.*T 

214  RESET  =  MIN1FIRESET,2.  ) 


COMPUTE  PISTON  ACCELERATION,  VELOCITY  AND  DISPLACEMENT 
X1UD0T=(  (PC-PAI*AP-DAMP1*X100T  +  0AMP1«X2D0T-F1-FDASH-FB- 
IT-XBUOT  J I /XMASSl 
XlUDOT=IXlDDUT+ACCELll/2. 

X1D0T  =  X1D0TUX1DU0T*T 
X1=XH-X100T1*T*X1D00T*T22 
X1=MAX1FI Xl,XttJ 
IFIX1RBUU3,103,108 
103  X1DGT=C. 

X1DD0T=0. 

106  CONTINUE 

COMPUTE  UASHPOT  FLOW,  PRESSURE  AND  FORCE 

UFLU=C0D*A00<‘SgkTFI2.*G<'PU/RH0J 

PwUOT  =  Yt;ASh/ADASH«(XlDQT-XBDOT-UFLO/AOASHJ 

Pg=MAXlF( 1. ,PQ+PyDOT*TI 

FOASH=Py<=ADASH 

COMPOTE  SPRING  FORCES 
F1=F10+YS1*( X1-X2 ) 

FB=FBG+YSB*XIRB 


00024470 
00024472 
00024500 
00024550 
00024600 
00024700 
00024800 
00024900 
00025000 
00025100 
00025150 
00025170 
00025180 
00025200 
00025300 
00025400 
00025410 
00025450 
-DAMPD*( XIDG00025500 
00025510 
00025700 
00025800 
00025900 
00026000 
00026100 
00026200 
00026300 
00026400 
00026410 
00026415 
00026440 
00026460 
00026465 
00026472 
00026500 
00026550 
00026600 
00026700 
00026800 


f  •  «  •  *  I 


II  I  I  «  I  I  »  ?  I 


f  I  f  I  *  1 


I  I  f  I 


on  ri  on  non 


II  11  11  II  f  I  II  II  11  I 


I  I  I  I  I  I  I  I  I  i  I  i  I  I  I  I 


VALVE  SEAT  DYNAMIC  LOADING 


COMMOTE  POPPET  ACCELERATION,  VELOCITY  AND  DISPLACEMENT  00026850 

X20DOT=(F1-(PD-PA)*AD-DAMP1*X2DOT*DAMP1*X100T+F2/F2*( OAMP2*X300T-D00026900 


C 

c 


1AMP2<‘X2D0T)-F2)/XMASS2 

x2UDOT=(X2UDOT+ACCEL2)/2. 

X2D0T=X2D0T1+X2DD0T*T 

X2=X2+X200T1*T+X2DD0T«T22 

COMPOTE  SPRING  FORCES 
F1=F10+YS1*I X1-X2) 
F2=YS2*( X2-0B-X3) 
F2=MAX1FIF2,0. ) 


00027000 
00027100 
00027200 
00027300 
00027400 
00027450 
00027500 
00027600 
00027700 
00027800 
00027900 

COMPUTE  SEAT  ACCELERATION,  VELOCITY  AND  DISPLACEMENT  00027950 
X30DUT=(F2-F3-0AMP3*X3D0T+0AMP3*XBD0T-F2/F2*( DAMP2«X3 DOT-DAMP 2*X2D000281 00 


203 


00028200 
00028300 
00028400 
00028500 
00029000 
00029100 
00029150 
00029200 
00029300 
00029400 
00029500 
00029550 
0002955? 
00029560 

COMPUTE  BODY  ACCELERATION,  VELOCITY  AND  DISPLACEMENT  00029600 

1F( X1RB)280,280,281  00029700 

XBDL)OT=IF2-FR+(PD-PA)*AD-FFB*ABSF(XBOOT)/XBDOT+DAMP3*X3DOT-(  DAMP 3 +00029800 
lDAMPB)*XdOOT+FOASH+DAMPD*l XIOOT-XBDOT ) I/XMASSB  00029900 

GO  TO  282  00030000 

2  81  X8O00T=(F2-FR  +  (PU-PA)*A0-FFB*ABSF(X8D0T)/XBD0T  +  DAMP3*X3D0T-(  DAMP3 +000301 00 
IOaMPBI^XBDOT-IPC-PAI^AP+FB+FOASH+DAMPO^I  XIDOT-XBDOT) ) /XMASSB  00030200 

282  CONTINUE  00030300 

XB000T=I XBDDOT+ACCELB)/?.  00030400 

XBOUT=XBOOT1+X8000T4T  00030500 


215 


lOTi ) /XMASS3 

X3DDOT={ X30D0T+ACCEL3) /2. 
X300T=X300T1+X3000T*T 
X3=X3+X300T1*T+X3000T*T22 
CONTINUE 

COMPUTE  SPRING  FORCES 
F3=F30+YS3*(X3-XBI 
F2=YS2«( X2-DB-X3I 
F2=MAX1FIF2,0. ) 

X1R8=MAX1F(X1-XB,0. ) 
FB=F80+YSB*X1kB 


280 


C'  ri  r  n  n  o  on 


VALVE  SEAT  DYNAMIC  LOADING 


Xb=XB+XBDQTl»T+X6DD0T*T22 

CCMHLTE  MISCELLANEOUS  VARIABLES 
ER=YSR*XB 
VC=VCG+-AP*XIRB 
AV=CV*PI*D(J4«I  Da  +  X3-X2» 

XlKb=MAXlEl Xl-XB,  0.  ) 

EB=EBO+YSB*XlRb 
X2KB=X2-XB 
X2R1=X2-Xl 
XIMbED=X2-DB-X3 
XIMbED=MAXlFIXIMaED,0.  I 
217  X3KB=X3-XB 

F3=f  3L:*ySi*X3RB 

COMPUTE  POPPET  VELOCITY  RELATIVE  TO  BODY 
XDUT2B=X2DUT-XBaOT 

REIDENTIFY  AND  STORE  VELOCITY  ANO  ACCELERATION  VALUES 
XIDOTI^XIDOT 
X20UTi=X2D0T 
X300T1=X3DOT 
XBU0T1=XBD0T 
XPDIJT1  =  XPD0T 
ACCEL1=X1D00T 
ACCEl2=X2UD0T 
ACCEL3=X30D0T 
ACCELa=XBUOOT 

INCREMENT  TIME 
TIME=T IME+T 

C  STORE  AND  PRINT  COMPUTED  OUTPUT  DATA 

COUNT=COuNT+l. 

X(M)=TIME 

lEIXMUDFiM, JUQII 551»552»551 
551  DO  5510  JJJJ=1,A 
5510  VIIH, JJJJJ =-1000 
DO  5520  JJjJ=l»2 


00030600 

00030700 

00030750 

00030800 

00031000 

00031100 

00031200 

00031300 

00031400 

00031500 

00031600 

00031700 

00032450 

00032460 

00032470 

00032480 

00032485 

00032500 

00032550 

00032600 

00032700 

00032800 

00032900 

00033000 

00033100 

00033200 

00033300 

00033400 

00033700 

00033800 

00033850 

00033860 

00033900 

00034000 

00034150 

00034200 

00034300 

00034400 

00034500 
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5520  Y2IM, JJJJ)=-1000 
GU  TO  553 

552  CONTINUE 
YKM,  1J=F1 
yiIM,2)=F2 
YltM, 3)=F3-F30 
Y1(M,4}=0. 

Y2IM,  l)=OtJ-X2RB 
Y2<M,2>=Xtl 

553  XN=XN+1. 

IFIM- 100)556,555, 555 
555  WRITE  TAPE  ITI,X,Y1 
C 

M=0 

NN=NN-H 

WRITE  TAPE  IT2,X,Y2 
C 

5  56  M=M-H 

IF  (tOUNT-XL  I  MJ  432 ,562,562 
562  COUNT-0. 

iF( TIME-PRINT) 432 ,560,560 
560  IF(TIME-STOP)55e,432,432 
55a  CONTINUE 

c 

1  =  1+1 

IK=9*( I-li+1 
ARRAY! IK)=TIME 
ARRAY!  IK+1)=PC 
ARRAY! IK+2)=PD 
ARRAY! IK+3)=Pg 
ARRAY! IK+4)=X1RB 
ARRAY! IK+51=X2R1 
ARRAY! 1K+6J=XIHBED 
ARRAY! IR+7)=X3RB 
ARRAY! IK+8)=XB 

WRITE  OUTPUT  TAPE  6,66,TIME,FDASH, 
lOQT, XD0T2B 
C 

432  IF!TIME-FLIP)317,318,318 


00034600 

00034700 

00034800 

00034900 

00035000 

00035100 

00035200 

00035300 

00035400 

00035500 

00035600 

00035700 

00035800 

00035900 

00036000 

00036100 

00036200 

00036300 

00036400 

00036500 

00036600 

00036700 

00036800 

00037000 

00037010 

00037020 

00037030 

00037040 

00037050 

00037060 

00037070 

00037080 

00037090 

00037100 

00037110 

,F2,F3,FR,X1DOT,X2DOT,X3DDT,X0OOO3718O 

00037182 

00037190 

00037200 


r-  n 


VALVfc  SEAT  DYNAMIC  LOADING 


317  AFLIP=0. 
GO  TO  319 

318  AeLIP=AC2 
A01=G. 


319  IF! TIME-TFINI 5)489,434,434 
C 

489  IFI 1-40 J 100,487,487 
C 

487  WRITE  OUTPUT  TAPE  6, 65, ARRAY 
1=0 

WRITE  OUTPUT  TAPE  6,67 
GU  TO  ICO 
C 

434  WRITE  TAPE  IT1,X,Y1 
WRITE  TAPE  IT2,X,Y2 
END  FILE  ITl 
END  FILE  IT2 

CALL  CRTl XN,NN,T1ME,TMIN, TMI N1 , Y I , Y2 , 1 T1 , I T2 ) 
L=lK+6 

WRITE  OUTPUT  TAPE  6 , 6 5 , I ARRA V ( I ) , I = 1 , L ) 

GO  TO  1 

ENO(1,0,0,0,0,0,1,0,0,1,U,0,0,0,0) 


00037300 

00037400 

00037500 

00037600 

00037700 

00037750 

00037800 

00037810 

00037820 

00037325 

00037830 

00037840 

00037845 

00037850 

00037860 

00037900 

00038000 

00038200 

00038300 

00038400 

00038440 

00038450 

00038500 
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f-LNCTION  FOR  SONIC  OR  SUBSONIC  FLOW  OF  GAS  THRU  ORIFICES 


C  FUNCTION  FOR  SONIC  OR  SUBSONIC  FLOW  OF  GAS  THRU  ORIFICES 

FUNCTION  FLOWtPltP2,A) 

COMMON  C1,C2,C3,C4,C5,RCR,SCR 
IFtA»325, 325,330 
325  FLOW=0. 

RETURN 

330  RR=MIN1F( Pl,P2jyMAXlF{Pl,P2» 

IFIRH-RCRj  340,340,345 
345  S=SgRTFICl*AbSFtRR*«C2-RR**C3J I 
GO  TO  350 
340  S=SCR 

350  FlOw=SIGNFIA«MAXIF1P1,P2)*S/C4,(P1-P2) ) 

RETURN 

ENO( 1,0, 0,0, 0,0, 1,0, 0,1, 0,0, 0,0,0) 


00070000 

00070100 

00070200 

00070300 

00070400 

00070500 

00070600 

00070700 

00070800 

00070900 

00071000 

00071100 

00071200 


SU6ROLT1NE  CRK  XN,NNl,TIME,TMIN,TMINl,  Yl,  Y2,IT1,  1T2) 

00054000 

C 

00054100 

c 

00054300 

DIMENSION  X( 100) ,Y1(100,4),Y2(100,2) 

00054400 

c 

00054500 

DIMENSION  JCHARI4) 

00054600 

c 

00054700 

COMMON  Cl,C2»C3fC4,C5,RCR,SCK,UB 

00054800 

COMMON  OftUYl ,0R0Y19,DYY1, ORDYZ  f 0RUY29 ,DYY2  t  DXYl, 0XY2 

00054850 

c 

00055100 

1  1  =  100 

00055200 

c 

00055202 

c 

00055220 

TA1=I T1 

00055222 

TA2=I T2 

00055224 

c 

00055226 

c 

00055244 

CALL  CAMRAVC9) 

00055300 

JCHARI 1)=42 

00055400 

'r 

JCHAKI 2)=55 

00055500 

h- 1 

c^ 

JCHARI 3)=38 

00055600 

jCHAR<4)=42 

00055650 

c 

uCHARS=U0T42, SQUARE63,CIRCLE38 ,CRUSS55 

00055700 

REWIND  ITl 

00055800 

REWIND  IT2 

00055900 

CALL  ORIDIVI 1 , TMINlfTIMEtOROYl ,0R0Y19,DXY1,DYY1,0 ,2,-2,-2, 5, 4) 

00056000 

NL=XN-FLOATF INN«I I) 

00056100 

CALL  aHkNTVi Ui-i3 f-ii f 1 IHFORCE Sf  LB.fUfbOOj 

00056200 

CALL  PKiNTVI-13f 13HTIME,  SECONDS i 450 , 0 ) 

00056300 

IFINN ) 110,110,40 

00056400 

40 

DO  100  1=1, NN 

00056500 

READ  TAPE  ITI,X,Y1 

00056600 

DU  50  J=l,4 

00056700 

50 

CALL  APLOTVi  U  ,X,YH1  ,J)  ,1,1,1  , JCHARI  J),  lERR) 

00056300 

100 

CONTINUE 

00056900 

1  10 

READ  TAPE  IT1,X,Y1 

00057000 

00  150  J=l,4 

00057100 

150 

CALL  APLOT V INL, X, Y1I1,J), 1,1,1, JCHARI  J), lERR) 

00057200 

REWIND  ITl 

00057300 

II  f  1  ■.  t  ^  1  f  1  II  f  I  II  f  J  f  •  11  f  I  II  t  •  f  1  t  __i  '  J  I . I  I  J 
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CALL  CRIDlVd , TMIN,TIME,0RDV2f ORDYZe.OXYZ ,Dyy2,0,2,-2f-2,4,4J 
CALL  LA8LV(XN«800»L020i5i 1»5) 

CALL  PRINTV16,6HP0INTS, 850, 1020) 

CALL  APKNTViO, -13,-18, 18HDISPLACEMENTS,  IN. ,0,650) 

CALL  PRINTV(-13,13HTIME,  SECONDS , 45 0 , 0  I 
DU  200  1=1, NN 

READ  TAPE  IT2,X,y2 
DO  200  J=l,2 

200  CALL  APLUTVUI,X,Y2(1.J),1,1,1,JCHAR(  J),  lERRI 
HEAD  TAPE  lT2,X,y2 
DO  30C  J=l,2 

300  CALL  APL0TV(NL,X,Y2I1,J),1,1,1,JCHAR( J),IERRI 
REMIND  1T2 
RETURN 

END( 1 ,0,0, 0,0, 0,1, 0,0, 1,0, 0,0, 0,0) 


00057400 

00057500 

00057600 

00057700 

00057800 

00057900 

00058000 

00058100 

00058200 

00058300 

00058400 

00058500 

00058600 

00058700 


8T- 


INPUT  DATA 


XK 

K 

TEMP 

CGI 

002 

FLIP 

1.400  30 

662.4  J00._ 

530. 00000 

^ . 29  7C  ' 

). 25700 

0.20  00'. 

W1 

W2 

W3 

YSl 

YS2 

YS3 

2.980 

C  .476 

■.4  32 

5  C  4  0  0  0  C . TOO 

7  0  n  0  0  0  ■j  •  jO  fj 

19300000.000 

DB 

r 

PRINT 

STOP 

FINIS 

.010000 

^ .000003 

i  .  0  o  0 

0.2CO. 00 

0. 2C  TOGO 

OAMPl 

0AHP2 

DAMP  3 

UA6PD 

YDASH 

YSb 

12.00 

5.57 

7.15 

5. CO 

155000.00 

31.4. 

DNEGB 

DPGSB 

YRNL-G 

YRPUS 

WB 

FFb 

3.68 

3.68 

lOOC.OO 

lOOo.CC’ 

6  5.00 

1  .  b  V, 

D03 

004 

PS 

?S1 

F30 

FOG 

0.U14 

0 . 44  „ 

156.000 

20. :gc 

O.QOO 

13.  o: 

HHO 

CDl 

DOD 

AO  ASH 

XTIMF 

0.0313 

0.6700 

0.0266 

0.5980 

0.0030 

II  II  f  I 
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TIME 

FOASH 

FI 

F2 

F3 

FR 

XIDOT 

X2D0T 

X3DQT 

XBDOT 

XDCT2B 

0.000050 

0.60 

0.0  i 

o.o: 

-O.Ow 

0.00 

O.OOG 

u.  00  w 

-O.OOw 

0  .  GOG 

-o.coo 

0.000100 

0.60 

0.0 : 

o.o: 

—  C  .  0  w 

O.OG 

0.003 

o.oo: 

-j.OOC 

O.COj 

-0.003 

0.000150 

0.60 

o.o:; 

0 . 0  c 

o.oc 

O.OC 

0.001 

0.031 

-c.ooo 

-O.OOG 

0.001 

0.000200 

0.60 

0.0' 

0 . 00 

0.07 

-O.OC 

0.023 

0.023 

-0.001 

-O.CGl 

0.024 

0.000250 

0.60 

o.o:. 

0.00 

0.26 

-0.00 

0.071 

&.G71 

-0.003 

-0.003 

0.C74 

0.000300 

0.73 

O.Ov 

0 . 0  vj 

0.59 

-o.co 

0.144 

u  .  144 

-0.006 

-0.Q06 

0.150 

0.000350 

1.34 

0 .00 

o.oc 

1.0  3 

-0.00 

3.239 

0.239 

-0.0  lu 

-0.011 

0.250 

0.000400 

2.47 

0.00 

0  .  Ou 

1.57 

-O.Gj 

0.354 

0.354 

-0.016 

-0.017 

0.371 

0.000450 

4.17 

C.O.. 

0.00 

2.19 

-0.00 

0.485 

C.485 

-0.022 

-0.023 

0.  508 

0.000500 

6.51 

0.0' 

0.00 

2.87 

-O.Dl 

0.628 

0.62  8 

-C.02  9 

-0.030 

0.658 

0.000550 

9.54 

0 . 0  J 

o.oc 

3.59 

-0.01 

0.779 

0.  779 

-0.C3  7 

-0.338 

0.816 

0.000600 

13.28 

f  J .  \j  0 

0  .  Ol 

4.33 

-0.02 

0.933 

0.933 

-0.045 

-0.045 

0.979 

0-000650 

17.73 

0.0. 

3.  CO 

5.07 

-0.02 

1.088 

1.088 

-0.052 

-0.053 

1.141 

0.000700 

22.86 

0 . 0  : 

0.00 

5.79 

-0.03 

1.238 

1.238 

-0.06G 

-0.C6D 

1.298 

0.000750 

28.63 

0.0 

0.00 

6.47 

-0.03 

1.381 

1. 381 

-0.067 

-0.D67 

1.448 

0.000800 

34.95 

0.0 

o.o;. 

7.09 

-0.04 

1.513 

1. 513 

-3.073 

-0.074 

1.587 

0.000850 

41.75 

o.o-' 

0.0'/ 

7.65 

-0.0  5 

1.632 

1.632 

-0.079 

-0.079 

1.711 

0.000900 

48.91 

0.00 

0.00 

8.12 

-0.05 

1.735 

1.735 

-0.084 

-0.084 

1.820 

0-000950 

56.33 

o.oc 

0 . 0  G 

8.51 

-0.06 

1.822 

1.822 

-0.088 

-0.008 

1.910 

0.001000 

63.88 

0.00 

0.00 

8.81 

-C.  J7 

1.892 

1.892 

-0.091 

-0.091 

1.983 

0-001050 

71.46 

o.o: 

O.Oo 

9.02 

-  0  .  J  8 

1.945 

1.945 

-0.’j9  3 

-0.094 

2.038 

0.001100 

78.95 

0.0... 

0  .  Ou 

9.14 

-0.09 

1.981 

1.981 

-0.395 

-0.G9  5 

2.075 

0.001150 

86.24 

o.o: 

0.00 

9.19 

-O.IC 

2.001 

2.001 

-0.095 

-O.G95 

2.097 

0.001200 

93.26 

O.Oi 

0  .  Ou 

9.16 

-0.11 

2.009 

2.009 

-0.095 

-0.C95 

2.104 

0.001250 

99.94 

0.00 

0.00 

9.38 

-0.12 

2.004 

2.004 

-0.094 

-0.094 

2.098 

0.001300 

106.21 

0.00 

o.oc 

8.95 

-G.  13 

1.991 

1.991 

-0.093 

-0.093 

2.083 

0.001350 

112.04 

o.oc 

o.oc 

8.7b 

-0.14 

1.971 

1.971 

-0.091 

-0.C91 

2.362 

0.001400 

117.42 

0.0': 

0.00 

8.59 

-0.15 

1.946 

1.946 

-0.089 

-0.C89 

2.035 

0.001450 

122.36 

o.o: 

o.o: 

8.39 

-0.16 

1.92" 

1.92: 

-0.087 

-0.087 

2.007 

0.001500 

126.87 

0 . 0‘.. 

0.00 

8.19 

-0.  16 

1.895 

1.89  5 

-0.08  5 

—  0 . 085 

1.980 

0.001550 

130.98 

o.oc 

0.00 

8.01 

-0.17 

1.872 

1.872 

-0.08  3 

-0.08  3 

1.955 

0.001600 

134.76 

0.0  5 

0.03 

7.85 

-0.18 

1.854 

1.854 

-0.081 

-0.081 

1.935 

0.001650 

138.25 

O.Qv 

0.00 

7.72 

-0.19 

1.841 

1.841 

-0.080 

-0.380 

1.921 

0.001700 

141.51 

O.Ov 

O.Ow 

7.62 

-0.20 

1.834 

1.834 

-0.079 

-0.079 

1.913 

0.001750 

144.62 

0.00 

o.oc 

7.56 

-0.21 

1.835 

1.835 

-0.C78 

-G.  :  78 

1.913 

0.001800 

147.63 

0 . 0  c 

o.oc 

7.53 

-0.21 

1.842 

1.842 

-0.07  8 

-0.G78 

1.920 

0.001850 

150.61 

o.oc 

o.oc 

7.54 

-0.22 

1.857 

1.857 

-0.078 

-0.C78 

1.93  5 

0.001900 

1 53.61 

0.0-, 

J  .  GO 

7.58 

-0.23 

1.877 

1.877 

-0.079 

-0.079 

1.956 

0.001950 

156.68 

O.Ow 

o.oc 

7.65 

-0.24 

1.933 

1.903 

-0.079 

-0.C79 

1.982 

0-002000 

159.85 

0.0 ,: 

o.oc 

7.74 

-0.24 

1.933 

1.933 

-0.00^ 

-0.  BO 

2.013 

A-20 


TIME 

PC 

PU 

PQ 

XIRB 

0.000050 

17.57 

14. 7( 

1.00 

O.QOOoGOC'C 

0.000103 

20.45 

14.7. 

1  .  C  V 

0 . 0  0 0  '3  0  0  J  3 

0.000150 

23.32 

14. 7v 

1 .00 

O.OOOCOO  )1 

0.000200 

26.20 

14.  r* 

1.00 

0.00000052 

0.000250 

29.07 

14.7;; 

1  .Ow 

0.00000284 

0-000300 

31.94 

14.73 

1.22 

0.00030833 

G. 000350 

34.82 

14.7,/ 

2.25 

G.OOOu 1824 

0.000400 

37.69 

14. 7C 

4.13 

0.0003/33  70 

0.000450 

40.56 

14.7  . 

6.98 

G. 000 : 5563 

0.000500 

43.43 

14.7 

10.89 

0.00008474 

0.000550 

46.31 

14.7.. 

15.96 

0.00012158 

0.000600 

49.18 

14.7:; 

22.21 

0.0CO16645 

0.000650 

52.04 

14.73 

29.65 

U. 00021944 

0.000700 

54.91 

14.73 

38.24 

0.00028044 

0.000750 

57.78 

14.7  ; 

47.87 

0. G0034914 

0.000800 

60.65 

14.70 

58.45 

0.00042506 

0.000850 

63.51 

14.7  ? 

69.81 

0.00053757 

0-000900 

66.37 

14.7: 

81.79 

O.C  00  59  590 

0.000950 

69.23 

14.73 

94.19 

0.00068923 

0.001000 

72.09 

14.  JO 

106.83 

0.00078665 

0.001050 

74.95 

14. 7C 

119.49 

0.00088726 

0.001100 

77.81 

14.7  , 

132.02 

0.00099017 

0.001153 

30.67 

14.7/ 

144.22 

0. 00 139453 

0.001200 

83.53 

14.70 

155.96 

O.O’C  119960 

0. 00 12 50 

86.38 

14.7  3 

167.12 

0.00130469 

0.001300 

89.23 

14.73 

177.60 

0.00140927 

G. 031350 

92.06 

14.70 

187.36 

0.00151292 

0.001400 

94.89 

14.70 

196.36 

0.00161535 

0.001450 

97.69 

14.70 

204.61 

0.G0171641 

0.001500 

100.47 

14.7- 

212.15 

0.00181608 

0.001550 

103.22 

14.7  • 

219.04 

O.C0191444 

0.001600 

105.94 

14.70 

225.35 

0.00201166 

0.001650 

108.63 

14.7  3 

231.18 

0.00210802 

C. 00 1700 

111.27 

14.73 

236.64 

0.00221)384 

0.001750 

113.87 

14.73 

241.84 

0.00229946 

0.001800 

116.43 

14. 7C 

246.8b 

0.00239527 

0.001850 

118,93 

14.70 

251.86 

0.C0249163 

0.001900 

121.38 

14.7: 

256.88 

0.00258887 

0.001950 

123.77 

14.73 

262.01 

0.00268731 

0.002000 

126.09 

14.7u 

267.30 

0.00278717 

II  II  II  II  II  II  II  11  II  I 


X2R1 


Xi:^BED 


X3^-*.B 


XB 


0.00000000 

O.OfiOOOOOD 

J.OOOOCOOO 

0 • oooooooc 
o.oonooooi 
0. oooooooc 
0.00000000 
u. 00000000 

0. oooooooc 

O.OOOOOOQO 

o.cooooooo 

C.OOOGOOOO 

0.00000000 

O.OOOOOOOQ 

o.cooooooo 

O.OOOOOOOQ 

0.00000000 

0.00000000 

0.00000000 

o.ocoooooo 

O.OOOOOOOu 
G. 000 00000 
0. oooooooc 
u.oocooooo 
0.00000000 
0.00000000 
c.oooocooo 

0. OoOOOOOO 
O.OCOQOOO'’ 
O.OOOGOOOO 
0.00000000 
0.00000000 
0.00000000 
0.00000000 
0.00000000 
o.ocoooooo 

O.OOCOGOOO 

0.00000000 

0.00000000 

0.00000000 


0.00000000 

0.000’' cooo 

O.OGC  ■  OGG-; 
0 .  OOC  JGGG  '-' 
0.000  iCOO  ■> 
0.000  ’0000 
v' .  0  0  C  0  c  c 
0.00000000 
o.ooocoooo 
o.cooooooo 

0 . 0  0  0  V  u  0  0  ' 

0. oooooooc 
o.ooocoooo 

n. OOOCOOO: 
0.0000000 
0.00000003 
0.00000000 

o. ocoooooc 

O.OOOCOOO': 

c. oooooooc 

O.OOOCCCOu 
O.OCOOQOO J 

o.oco jGcc : 
0.00000000 
0.00000000 
0.000  30000 
0.0000000 
0.00000000 
0.00000003 

o.ooocoooo 

o.ooocooo, 

O.OOOOGOOO 
0 . OOC OOCOG 
0 . 003  JOOO  3 
G.  OOC  000  , 
9.000  }uOOO 
O.OOCOGOOO 

o.ocoooooc 

0.0000000 J 

O.GOOCOOOC 


-0.00 000  coo 

-0.000  3  3  00./ 

0. oooooooc 

O.OOOOOuOO 

O.OOOOGCOl 

0.00000003 
0.00000005 
0.00000008 
O.OOOOOLll 
0. 00000:15 
0.0000 0019 
O.OOOOOC22 
0.00C00C26 
0.0000 00 3 C 
0.00000034 
O.OOOOQC37 
0.00000040 
O.OOOOOG42 
0.00000044 
0.00000046 
0. 00000^47 
0.00000347 
O.OOOOOC48 
0.00000347 
O.COOOOG47 
0.00000  /46 
0.00000045 
G  =  00000045 
O.OC000043 
0.00000:42 
0.00000042 
0.00000041 
O.GOOOOG40 
O.OOOOOU39 
0.C0000C39 

0.00000:39 

0 . 00000'  39 

0.00000:39 

0.00000040 

0.00000040 


0.0000000 

0.0  300000  , 

0. oooooooc 
-o.aocuooci 
-0. 000000 1>. 
-0.0. 0000 32 
-0. 00000075 
-0.00000143 
-3.G00Q0242 
-0.0''OUu374 
-0.00000543 
-O.OOCO0751 
-0.00000996 
-C.O  0G128: 
-0.00001599 
-0.00001953 
-C.0G0u2336 
-0.00002746 
-0.00003178 
-O.OOOG3620 
-0.000C4G91 
-0.0  3034562 
-0.00005037 
-O.OCCC5513 
-0.000D5986 
-0.03036452 
-C. 00006911 
—  0 . 0  OQC‘736 1 
-0.000Q780: 
-C.O  008229 
-O.OOOG8648 
-G.00009C59 
-0.00009461 
-0.00009859 
-0.00010252 
-0.00010643 
-O.Ovi011C)33 
-0.0: 01 142 5 
-0.0CO11819 
-O.0C012216 


I  II  11  II  II  il  II  II  II  II 
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II  I  I  I  I  I  i  I  I  I  I  II  11  I  1  I  I  II  If  lift  11  t  I  I  I  I  J  II 


TIME 

FDASH 

FI 

F2 

F3 

FR 

XIDOT 

X2DCT 

X3D0T 

XBOOT 

XDOT20 

0.002050 

163.14 

0.00 

O.OG 

7.84 

-0.25 

1.965 

1.965 

-0.081 

-0.081 

2.046 

0.002100 

166.57 

C.OL 

0.00 

7.95 

-0.26 

1.999 

1.999 

-D.C82 

-0.082 

2.081 

0.002150 

170.14 

0.00 

0.00 

8.05 

-0.27 

2.032 

2.032 

-0.083 

-0.084 

2.115 

0.002200 

173.83 

0  .  Oo 

O.Oj 

8.15 

-0.28 

2.063 

2.063 

-0.084 

-0.C85 

2.148 

0.002250 

177.62 

0.00 

O.OC 

8.24 

-0.29 

2.092 

2.092 

-0.085 

-0.085 

2.178 

0.002300 

181.48 

0.00 

O.Ou 

8.3  0 

-0.29 

2.117 

2.117 

-0.086 

-0.086 

2.203 

0.002350 

185.37 

0.0  0 

0.00 

8.34 

-0.30 

2.136 

2.136 

-0.086 

-0.0  86 

2.223 

0.002400 

189.26 

0  .  G 

O.OU 

8.34 

-0.31 

2.150 

2.  150 

-0.086 

-0.086 

2.236 

0.002450 

193.08 

Q.OO 

O.OG 

8.32 

-0.32 

2.157 

2.157 

-0.086 

-0.C86 

2.243 

0.002500 

196.80 

0.0  0 

0.00 

8.26 

-0.33 

2.158 

2.158 

-0.086 

-0.086 

2.244 

0.002550 

200.36 

O.Ovl 

0.00 

8.17 

-0.34 

2.153 

2.  153 

-0.085 

-0.085 

2.237 

0.002600 

203.72 

0  .  U  - 

0.00 

8.05 

-0.35 

2.141 

2.  141 

-0.084 

-0.083 

2.224 

0.002650 

206.85 

c.o 

0.00 

7.90 

-0.35 

2.123 

2.  123 

-0.082 

-0.082 

2.205 

0.002700 

209.70 

0.0' 

O.OG 

7.73 

-0.36 

2.101 

2.101 

-0.080 

-0.C80 

2.181 

0.002750 

212.25 

0.0  ; 

0 . 0  tj 

7.53 

-0.37 

2.074 

2.074 

-0.078 

-0.078 

2.152 

0.002800 

214.48 

O.OG 

0.00 

7.31 

-0.38 

2.044 

2.044 

-0.076 

-0.076 

2.119 

0.002850 

216.38 

O.OC 

0.00 

7.09 

-0.39 

2.011 

2.011 

-0.074 

-0.073 

2.084 

0.002900 

217.94 

C.OO 

O.OG 

6.85 

-0.39 

1.977 

1.977 

-0.071 

-0.071 

2.048 

0.002950 

219.17 

0.00 

0.00 

6.62 

-0.40 

1.942 

1.942 

-0.069 

-0.068 

2.010 

0.003000 

220.07 

0.0 

0.00 

6.38 

-0.41 

1.908 

1.908 

-C.066 

-0.066 

1.974 

0.003050 

220.67 

0.0  ‘ 

O.Ou 

6.15 

-0.41 

1.874 

1.874 

-0.064 

-0.064 

1.938 

0.003100 

220.98 

0.0. 

0.00 

5.94 

-0.42 

1.842 

1.842 

-0.062 

-0.061 

1.904 

0.003150 

221.03 

C.OO 

0.00 

5.73 

-0.42 

1.813 

1.813 

-0.059 

-0.059 

1.872 

0.003200 

220.84 

0.00 

0.00 

5.54 

-0.43 

1.786 

1.786 

-0.057 

-0.057 

1.843 

0.003250 

220.46 

o.o: 

0.00 

5.36 

-0.44 

1.761 

1.761 

-0.056 

-0.055 

1.817 

0.003300 

219.90 

O.OC 

0.00 

5.20 

-0.44 

1.741 

1.741 

-0.054 

-0.054 

1.794 

0.003350 

219.20 

C.G*- 

0.00 

5.06 

-0.45 

1.724 

1.724 

-0.052 

-0.052 

1.776 

0.003400 

218.41 

G.OO 

0.00 

4.94 

-0.45 

1.712 

1.712 

-0.051 

-0.051 

1.763 

0.CC3450 

217.56 

O.OC 

0.00 

4.85 

-0.46 

1.704 

1.704 

-0.050 

-0.050 

1.754 

0.003500 

216.70 

0.00 

O.OC 

4.78 

-0.46 

1.702 

1.702 

-C.050 

-0.050 

1.751 

0.003550 

215.86 

0.0' 

0.00 

4.74 

-0.47 

1.704 

1.704 

-0.049 

-0.049 

1.753 

0.003600 

215.09 

0.00 

0.00 

4.72 

-0.47 

1.711 

1.711 

-0.049 

-0.049 

1.760 

0.003650 

214.41 

0  .  Ou 

0 . 00 

4.72 

-0.48 

1.721 

1.721 

-0.049 

-0.049 

1.770 

0.003700 

213.85 

0  .  Oo 

0.00 

4.74 

-0.48 

1.735 

1.735 

-Q.049 

-0.049 

1.784 

0.003750 

213.42 

0.00 

0 . 00 

4.77 

-0.49 

1.751 

1.751 

-0.049 

-0.C49 

1.801 

0.003800 

213.14 

0.00 

0.00 

4.81 

-0.49 

1.769 

1.769 

-0.050 

-0.050 

1.819 

0.003850 

213.01 

0.00 

0.00 

4.85 

-0.50 

1.787 

1.787 

-0.05C 

-0.050 

1.837 

0.003900 

213.03 

O.OC 

0.00 

4.89 

-0.5C 

1.805 

1.805 

-0.051 

-0.051 

1.856 

0.003950 

213.18 

O.OC 

0.00 

4.92 

-0.51 

1.822 

1.822 

-0.051 

-0.051 

1.873 

0.004000 

213.45 

0.0*' 

O.Oj 

4.95 

-0.51 

1.838 

1.83S 

-0.051 

-0.051 

1.889 

A-22 


TIME  PC 

0.002050  128.35 
0.002100  13D.54 
0.002150  132.65 
0.002200  134.69 
0.002250  136.65 
0.002300  138.53 
0.002350  140.32 
0.002400  142.03 
0.002450  143.64 
0.002500  145.17 
0.002550  146.60 
0.002600  147.93 
0.002650  149.16 
0.002700  150.30 
0.002750  151.33 
0.002800  152.27 
0.002850  153.09 
0.002900  153.82 
0.002950  154.44 
0.003000  154.95 
0.003050  155.36 
0.003100  155.67 
0.003150  155.87 
0.003200  155.97 
0.003250  156.00 
0.003300  156.00 
0.003350  156.00 
0.003400  156. OC 
0-003450  156.00 
0.003500  156.00 
0.003550  156.00 
0.003600  156.00 
0.003650  156.00 
0.003700  156.00 
0.003750  156.00 
0.003800  156.00 
0.003850  156.00 
0.003900  156.00 
0.00395U  156.00 
0.00400G  156.00 


II  II  II  11  II 


PO  PQ  XIRB 


14.7 

272.81 

0.00288864 

14.70 

278.55 

0.00299182 

14.7 

284.51 

0.00309673 

14.7: 

290.68 

0.0032:333 

14.7. 

297.02 

0.00331148 

14.70 

303.48 

0.00342101 

14.7 

309.99 

0.00353167 

14.7; 

316.48 

0.C0364317 

14.7: 

322.88 

0.00375519 

14.70 

329.09 

0.CC38674C: 

14.7 

335.05 

0.G0397945 

14.7 

340.68 

0.004C9101 

14. 7;^ 

345.90 

0-0042  )1 77 

14. 7u 

350.67 

0.0-0431144 

14.  7,. 

354.94 

O.OC441977 

14.7: 

358.67 

0.00452656 

14-7  ) 

361.84 

0 . 004b 3 166 

14.70 

364 . 45 

0.00473496 

14.7: 

366.50 

0.00463642 

14.7  ; 

368.01 

0.G0493602 

14.7: 

369.01 

0.005: 3379 

14.7: 

369.52 

0.C0512982 

14.7-, 

369.61 

0.00522420 

14.7: 

369. 3u 

G.0C531706 

14.7 

368.65 

0.0054:855 

14.70 

367.72 

0.00549881 

14.7 

366.56 

0.00558805 

14.7 

365.23 

0.OC56765O 

14.7 

363.82 

0.00576441 

14.70 

362.38 

0.C05652O2 

14.  1 

360.98 

0.00593961 

14.7^ 

359.68 

0.006  >2742 

14.7 

358.54 

0.CO611565 

14.70 

357.60 

0.0062';45D 

14.7 

356.89 

0.0C629412 

14.7 

356-42 

0.00638460 

14.7-.- 

356. 2 j 

G . 00647600 

14.7. 

356.23 

0.0G656834 

14.7 

356.49 

0.00666158 

14.7 

356 .93 

0.00675565 

1  1 

1  1  1 

1  i  1  E 

X2R1 


XIMBED 


X3KH 


XB 


0.00000000  J.OOOCOOOO 
0.00000000  0.00000000 
O.COOOOOOO  0.00000000 
0.00000000  O.OOOl'QOOO 
0.00000000  0.00000000 
0.00000000  O.OOOOGOOO 

0.00000000  o.ooorcooc 

O.OOCOOOOC  O.OOOGOOCC 
O.OOOCCOCG  O.OOOOOG03 
0.00000000  o.ooaooooc 

0.00000000  O.OOOGOOOC 
0.00000000  O.OOOGOOOC 
0.00000000  O.OOCOOODO 
O.OOCOOOOO  O.OOOOGOOO 
O.CCOOOOOG  0.00000000 
0. 0000000 j  O.OOOGOOOC 
0.00000000  O.OOOCOOOQ 
0.00000000  0.00000000 
0.00000000  o.ooocooon 
0.00000000  o.ooocoooc 
0.00000000  c.ooocoooo 

O.OOOGOOOC  O.OOOGOOOC 
0.00000000  0.00000000 
0.00000000  0.0000000.;. 
O.OOOGOOOC  O.OOOGOOOC 
0.00000000  O.OOOOGOOO 
0.00000000  O.OOOCCOCG 
0.00000000  O.OCOOOGQC 
O.OOOOOOOO  c.ooocoooo 
O.OOOOOOOG  0.00000000 
O.OOOvOOOOC  O.OOCOOOOO 
O.OOOOCOOC  G.OOOOCOOO 
0.00000000  .OOOOOOOC 
0.00000000  O.OOOCOOOQ 
0.00000000  O.OOOOOOOG 
O.COOOOOOO  O.OOOOGOOO 

o.ooocnoon  .oooooooc 

O.OOCOOOOO  O.OOOOOOOG 
O.OOOOOOOO  O.OOOOOOUG 
O.COOOOOOO  G.OOOTCOOC 


0.Q0000041  -0.00012622 
0.00030041  -0.00013C31 
0.00000042  -0.00013446 
0.00000042  -0.00013866 
O.OOOOOC43  -0.00014291 
0.00000043  -0.0001472C 
0.00000043  -G. 00015151 
0.00000043  -0.0C015583 
0.00000043  -0.C0016015 
0.00000043  -0.00016445 
0.00000.42  -0.00016870 
0.00000  42  -0.00017290 
0.00030041  -0.00017704 
G. 00000040  -0.00018108 
0.00000039  -0.0G018503 
0.30000^38  -0.00018887 
0.00000037  -0.00019259 
0.00000036  -0.00019620 
0.00000034  -0.00019968 
0.00000:;33  -0.00020304 
0.00000032  -0.00020628 
O.OOOOOC31  -0.00020941 
0.00000030  -0.00021243 
0.00000  29  -0. 0002 1534 
0.00000028  -0.00021816 
0.00000027  -0.00022089 
0.00000;'26  -0.G0C22354 
G. 00000  26  -0.0C022612 
0.00000025  -0.00022866 
0.00000025  -0.00023115 
0. 00000125  -0.00023361 
0.09000  24  -0.00023606 
0.00000024  -0.03023851 
0.00000025  -0.00024096 
0.00000:25  -0.03024342 
0.00000  25  -0.0C024591 
O.OOOOOC25  -0.00024841 
0.00000  -25  -0.00025093 
O.OOOCO-'25  -0.00025347 
0.00000-26  -C. 00025603 


I  II  II  II  fl  II  fl  II  II  II 


A-23 


I 


j 


TIME 

FDASH 

FI 

F2 

F3 

F« 

XIDQT 

X2D0T 

X3D0T 

XBOOT 

XD0T2B 

0.00405J 

213.83 

o.oc 

O.Oj 

4.96 

-0.52 

1.851 

1.851 

-0.051 

-0.051 

1.903 

0.004100 

214.29 

o.oc 

0.00 

4.96 

-0.52 

1.862 

1.862 

-0.051 

-0.C51 

1.913 

0.004150 

214.80 

0.00 

0.00 

4.95 

-0.53 

1.869 

1.869 

-0.051 

-0.051 

1.921 

0.00420Q 

215.33 

O.OG 

0.00 

4.92 

-0.53 

1.874 

1.874 

-0.051 

-0.C51 

1.925 

0.004250 

215.87 

0.00 

O.OG 

4.87 

-0.54 

1.875 

1.875 

-0.05C 

-0.050 

1.926 

0.004300 

216.38 

0.0  0 

0.00 

4.81 

-0.54 

1.874 

1.874 

-0.05C 

-0.050 

1.924 

0.004350 

216.85 

0.0) 

o.oc 

4.73 

-0.55 

1.870 

1.87C 

-0.049 

-0.049 

1.919 

0.004400 

217.25 

0.00 

0.00 

4.65 

-0.55 

1.863 

1.863 

-0.048 

-0.C48 

1.911 

0.004450 

217.57 

0.00 

0.00 

4.55 

-0.56 

1.855 

1.855 

-0.047 

-0.C47 

1.902 

0.004500 

217.81 

0 . 00 

0  .  oc 

4.44 

-0.56 

1.845 

1.845 

-0.046 

-0.G46 

1.891 

0.004550 

217.95 

0.00 

0.00 

4.34 

-0.57 

1.835 

1.835 

-0.045 

-0.045 

1.880 

0.004600 

218.00 

o.on 

0 . 00 

4.23 

-0.57 

1.824 

1.824 

-0.044 

-0.044 

1.368 

0.004650 

217.96 

0.00 

O.Of; 

4.12 

-0.58 

1.814 

1.814 

-0.043 

-0.043 

1.856 

0.004700 

217.83 

0.00 

o.oc 

4.02 

-0.58 

1.804 

1.804 

-0.C42 

-0.C42 

1.845 

0.004750 

217.63 

0.00 

O.OG 

3.92 

-0.58 

1.795 

1. 795 

-0.041 

-0.041 

1.836 

0.004800 

217.37 

0.03 

0.00 

3.83 

-0.59 

1.788 

1.788 

-0.040 

-0.040 

1.828 

0.004850 

217.07 

0.0"; 

0.00 

3.75 

-0.59 

1.783 

1.783 

-0.039 

-0.039 

1.822 

0.004900 

216.74 

0 . 0  0 

0.00 

3.67 

-0.6C 

1.780 

1.780 

-0.038 

-0.038 

1.818 

0.004950 

216.39 

o.co 

0.00 

3.61 

-0.60 

1.778 

1.778 

-0.037 

-0.037 

1.816 

0.005000 

216.05 

0.00 

0.00 

3.56 

-0.60 

1.779 

1.779 

-0.037 

-0.C37 

1.816 

0.005050 

215.73 

0.00 

0.00 

3.52 

-0.61 

1.781 

1.781 

-0.036 

-0.036 

1.818 

0.005100 

215.44 

0.00 

0.00 

3.49 

-0.61 

1.785 

1.785 

-0.036 

-0.036 

1.821 

0.005150 

215.20 

0.00 

0.00 

3.46 

-0.61 

1.790 

1.790 

-0.036 

-0.036 

1.826 

0.005200 

215.01 

o.o;,' 

0.00 

3.44 

-0.62 

1.797 

1.797 

-0.036 

-0.036 

1.833 

0.005250 

214.87 

0.00 

O.OG 

3.42 

-0.62 

1.804 

1.804 

-0.035 

-0.035 

1.839 

0.005300 

214.79 

0.0-J 

0 . 0 

3.40 

-0.62 

1.812 

1. 812 

-0.03  5 

-0.035 

1.847 

0.005350 

214.78 

0.00 

o.oc 

3.39 

-0.63 

1.819 

1.819 

-0.035 

-0.035 

1.854 

0.005400 

214.82 

0.00 

0.00 

3.37 

-0.63 

1.826 

1.826 

-0.035 

-0.035 

1.861 

0.005450 

214.91 

0 . 0 1 

0 . 00 

3.35 

-0.63 

1.833 

1.833 

-0.035 

-0.035 

1.868 

0.005484 

214.99 

-0.12 

0  .  Oo 

1.12 

-0.64 

1.838 

1.843 

-0.056 

-0.035 

1.877 

0.005494 

215.02 

-0.47 

0.00 

-2.66 

-0.64 

1.839 

1.847 

-0.047 

-0.035 

1.832 

0.005504 

215.06 

-0.86 

0.00 

-2.41 

-0.64 

1.842 

1.849 

-0.02: 

-0. .34 

1.883 

0.005514 

215.09 

-1.07 

.  0 

1.34 

-C.64 

1.844 

1.848 

-0.016 

-0.G34 

1.882 

0.005524 

215.13 

-1.09 

o.ou 

2.98 

-0.64 

1.847 

1.846 

-0.039 

-0.C34 

1.881 

0.005534 

215.17 

-0.93 

0.00 

0.19 

-0.64 

1.849 

1 . 846 

.05  5 

-0.C34 

1.880 

0.005544 

215.22 

-0.73 

0 . 0 

-2.79 

—0.64 

1.851 

1.847 

-0.04u 

-0.  :34 

1.881 

0.005554 

215.27 

-0.53 

0.00 

-1.50 

—0 .64 

1.853 

1.850 

-0.018 

-0.  ;  34 

1.884 

0.005564 

215.32 

-0.44 

0.00 

1.86 

—  0 . 64 

1.854 

1.854 

-0.020 

-0. :34 

1.888 

0. 005574 

215.37 

-0.47 

0.0  0 

2.45 

-0.64 

1.856 

1.858 

-5.043 

-0.034 

1.892 

0.005584 

215.42 

-O.bl 

O.Oi 

-0.60 

-0.64 

1.857 

1.861 

-0.052 

-0.034 

1 .894 

A-24 


TIME  PC 

0.OC4O50  156.00 

0.304100  156.00 

O.CC4150  156.00 

0.004200  156.00 

0.004250  156. OC 

0.004300  156.00 

0.004350  156.00 

0.004400  156.00 

0.004450  156.0C 

0.004500  156.00 

0.004550  156.00 

C. 004600  156.00 

O.OC4650  156.00 

0.004700  156.00 

0.OG4750  156.00 

0.004800  156. OD 

0.004050  156.00 

0.004900  156.00 

0.004950  156.00 

0.005000  156.00 

0.005050  156. CC 

0.005100  156.00 

0.0C5150  156.00 

O.0G520-3  156.00 

0.005250  156.00 

0.005300  156.00 

0.005350  156. OC 

0.005400  156.00 

0.00545G  156.00 

-0.005484  156.00 

0.005494  156.00 

0.005504  156.00 
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APPENDIX  B 


DISTRIBUTION  LIST 


Air  Force  Rocket  Propulsion  Laboratory 
Edwards,  California  93523 
Attn :  RPRP 

AFRPL 

Edwards,  Calif.  93523 
Attn:  RPRPD/J.R,  Lawrence 

Adel  Products  Division 
General  Metals 
10777  Vnnowen  Street 
Burbank,  California 
Attn:  B.R.  Teree 

Chief  Engineer 

Aerojet-General  Corporation 
Azusa,  California 
Attn:  T.R.  \^allace 

Supervisor  Engrg. 

Aerojet-General  Corporation 
P.O.  Box  1947 
Sacramento,  Calif. 

Attn:  H,  Goldthorpe 

Aeroquip  Corporation 

Jackson,  Michigan 

Attn:  E.  Robert  Steinert 

Ch.  Aircraft  Devel.  Engr. 

AiResearch  Manufacturing 
Company  of  Arizona 
402  South  36th  Street 
Phoenix,  Arizona  85034 
Attn:  A.D.  Stromme  m/s  3570 

The  Annin  Company 
P.O.  Box  22081 
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